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This thesis describes a study, undertaken to investigate the^  charac­
teristics of a small, high pressure gas source;discharging under 
quasi-’Steady conditions.
The design and construction of an experimental facility, asso­
ciated instrumentation, and computer controlled; data acquisition 
system is described.. Experimental results are presented;for gas 
discharge, at mass flow rates? between 14 g/s and* 70 g/s, from 
storage pressures up to 30.0 MN/m2; the gas storage temperature 
is nominally 293 K in all cases.
Digital, simulation models -for the gas source and for a= supply 
manifold downstream of a pressure regulator are proposed based 
on, simplified step-by-step approaches using approximate' thermo­
dynamic relationships fo r  real g ases .u Nitrogen gas only-is con­
sidered , but similar methods could be applied for Heliurn or other 
suitable gases.
The quadratic functions used, derived;from comprehensive published 
data, are shown to be adequate to provide agreement within 81 
between the, computer simulations and; experimental resul ts. The 
complex;; heat transfer process can be further simp! ified:in the 
case of the-supply manifold- by* for instance, the use of ideal 
gas equations; it is considered, however, that the simulation 
model; proposed for the gas storage vessel; represents the minimum 
complexity necessary to obtain reliable predictions of performance 
during discharge.
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INTRODUCTION
l.T. General
The most commonly used forms of power source for driving 
servomechani sms are electrical , /hydraulic, pneumatic: and ' 
chemical. Selection of the? power1source for any particular 
appl icati on cl early depends on a considerati on off a great 
number of factors, though? some- general;/comparisons between 
the major types of servo have been made by various authors.
Burrows; (1) compares a d.c. linear/mptor and a rectilinear 
hydraulic motor in terms of the attainable fprce-to-mass 
ratio, and concludes that a difference amounting/to a 
factor of one hundred exists in favour of the hydraulic 
motor. In comparing hydraulic and: electric rotary/motors, 
the same author concludes that: the'torque-to-inertia ratio 
of hydraulic motors is typically ten to*twenty times better 
than the electric equivalent. Generally,, electric motors 
are inferior to hydraulic motors in: terms of output torque, 
Velocity stiffness, and weight. This argument is supported 
by Younkin (2) who, in comparing .large, high- power ( >  3 kWj 
rated motors, quotes velocity stiffness* values of 1.79 Nm/ 
rad/s and 0.36.Nm/rad/s: for hydraulic and:electric motors 
respectively.
The.above comparisons are based solely on a,consideration of 
the< actual motors and take no account of the primary energy . 
source in assessing the overall system mass. In systems 
where the energy source must be transportable with the servo­
mechanism this factor may become very significant,, and iniow 
power systems electric motors? probably; constitute a much more 
competi tive alternative to hydraulic systems.
. Shearer and Lee (3) have compared hydraulic and pneumatic 
servomechanisms for valve-controlled drives and- stated the 
maximum overall efficiency to be of the order of 60% and 30% 
respectively. Much of this difference results from higher 
energy 1osses during throttling in pneumatic systems. In the
example quoted by Shearer and Lee i t i s shown that the,hyd­
raul ic system responds approximately 50 times-faster than the 
pneumatic system for the same suppl^:pressure and<load mass. 
The: hydraulic^system has a considerably smaller/lOad-sensi­
tivity and also a stiffness approximately 400 times greater 
than that of the equivalent pneumatic system. Again however, 
the implications/associated with the primary energy source 
size:and mass can have a significant influence on the choice 
of a system.
In= conducting a weight analysis of aircraft: actuators,
Geyer and>Treseder (4) show that a hydraulic pumpfisdgenerally 
lighter than an accumulator except for short demand.:periods.
It is also shown that the demand.period for which;it is 
advantageous to store rather than generate pneumatic power 
is considerably greater than that for ;hydrauli cs * The break­
even point for pneumatic systems: is 'shqwn rfo be about- four 
minutes compared with two seconds for hydraulic- systems, 
though this varies according to the application* Hydraulic 
systems carry a weight penal ty due to the mass; of the fluid 
itself, and the compressibility of gases allows greater 
efficiency of energy storage. In addition,. high;.pressure 
gas can be stored in relatively-simple vessels compared withi * •
the more elaborate hydraulic accumulators.
Burrowsv (I ): suggests that gas can be usedvmore extensively 
than at present, especially in 1ow^power systems, and adds 
that gas>servomechanisms are likely to be particularly useful 
in systems where the response requirements; are not. too 
severe.and when the inertia load1is not subject to varying 
external forces. Eynon (5) suggests a power limit?for gas 
servomechanisms of about 3.7 kW.
Smal1-airborne servo systems involve possibly the most 
demanding;requirements with respect: to? overall system power- 
to-weight ratio and hence power source efficiency* The gas 
supply to drive this type of pneumatic servo may be?hot gas 
derived from a sol id propellant gas generator or from a 
rocket motor tapping, air from ram-air intakes* or cold gas 
from a high pressure storage vessel.
Chemical energy storage.is the most efficient means under 
most circumstances and it?is for this reason that hot?gas 
generators have evolved as a primary choice * resulti ng in 
compact actuation systems. The characteristies<of hot gas 
generation, control and delivery systems, together with the 
propel1ant compos1tions for use in such:systems, have been 
studied in considerable depth. The/general conclusions 
reached (6) are. that hot gas systems,/whi1st very competitive 
theoretically, are; subject to. a number of inherent disad­
vantages arising- in the main from the burning?character!*stics 
of the propel 1 ants and, from the properti es of the products 
of combustion. Because the gas is very/hot.and normally 
sooty, problems arise in respect of metering; or control 
valve orifice blockage and pressure seal degradation..
Ram+air supplies offer a; number of advantages such as weight 
and cost savings, but.are subject to the effects of air 
intake conditions and;efficiency, and;are generally only 
suitable where relatively low servo operating^pressures are 
required.
Systems utilising;gas stored at high pressure as the power 
source have only relatively recently been seriously con­
sidered as competitive alternatives?to other fluid power 
systems. However , the bel ief is expressed, in the trade 
1iterature of Chandler Evans Inc. (7) that a/ cold gas system 
operated in a time-modulated mode produces a. Tow-cost, light­
weight, highly reliable means of achieving accurate airborne 
guidance. In general, stored gas systems are .only competitive 
in low power, short duration applications,, being limited in 
terms of achievable response performance. It is therefore, 
essential to optimise the design of the gas?storage system 
based on the predictions of a reliable theoreticalemodel.
Poole (8) describes.a stored;gas servo system in some, detail, 
particularly with respect to actuator hardware; It is 
reported that an extensive analogue and? digital computer 
analysis of the whole actuation system was conducted; during 
the early experimental phase of the development programme.
This analysis was used to predict the response, matching, and 
duration that would be achieved with that particular design.
The actual performance of the system was in fact found to be. 
better than predicted andthereafter, design changes during 
development were based solely on experimental results.. When 
the production version of the actuation system was*established 
a digital computer model was produced based on experimental 
results and this programme has reportedly been used success­
ful ly in subsequent pneumatic system studies. : No- details of 
the model are available*:however, so the degree and;form of 
modelling effort applied to optimisation of the storage, 
vessel"and gas; delivery system is unknown.
The experiences, reported in the above reference; are considered 
to..emphasise the necessity for the. theoretical model 1 i ng of 
seryomechanisms powered by stored.gas,to be performed as a 
series of detailed studies-of the? component parts; of the 
overal1 system, supported by experimental evidence at each 
stage. A reliable, generalised;model for complete stored-gas 
actuation systems can then be built up and developed i nto a 
useful design aid with known application limits.
Specific investigations of the thermodynamics involved in 
the;discharge of gas from smal1, high pressure storage, vessels 
and the delivery of that gas to an actuation; system, appear 
to be limited in number. Skinner and Wagner (9)? conducted 
char.ging and discharging experiments using: air and constant 
volume tanks but no attempt was made to monitor temperature 
continuously because sufficiently fast transducers and data 
handling facilities were not available. Hence, correlation 
and subsequent conclusions were based on pressure data.; The 
analysis assumed adiabatic changes in the vessel and gave 
good: correlation,for the first 3 seconds of the discharging 
process. Divergence after this was presumed-to be due to 
heat transfer, but. no attempt was, made to model this and it 
was/concluded that correlation was still; adequate for most 
engineering work. Nurm„ Ulrich and Wirtz (10), and' Means 
and U1rich (11), ;studied. the heat transfer mechanisms< obtain- 
ing in closed containers during and after pressurisation,
and suggested a suitable form for use when considering dis-
» ^
charge. Because of difficulties in obtaining reliable gas 
temperature data and its time derivative, Means and Ulrich
used:the equation of state for an ideal gas tor convert tem­
perature variables to^pressure variables. .These were used 
to derive expressions for the heat transfer coefficients 
during Various identified phases of the. gas- injection process, 
The resulting equation;was, found to agree with data within 
a mean.error of 10% and was also independent of the length/ 
diameter ratio of.the. vessel. In. computing the heat transfer 
coeffi cients, the ratio of sped fic heats for the gas was 
evaluated at the gas average temperature whi 1 st all other 
gas properties were evaluated at a gas fi1m temperature 
assumed to be the average of the average gas- temperature and 
the vessel wal1 (outer; surface) temperature. No; data was 
recorded during gas di scharge but; it was suggested that 
natural convection constituted the dominant heat transfer 
mode; duri ng thi s process? si nee data* recordedv immedi atel y 
after discharge always agreed with, that assumption. More 
specific studies of the mechanisms involved; in the expansion 
of gas from closed containers, have been conducted by a number 
of other workers; these are discussed in Chapter 2.
The objective of the present research is to produce a 
rational theoretical approach to the design of small, high 
pressure stored gas sources discharging under quasi-steady 
demand conditions. It is envisaged/that future work could 
extend this to include transient effects introduced' by 
various forms of gas servomechanisms.
Both theoretical and; experimental resul ts in1 the. thesis are 
concerned wi th heat transfer effects-and thermodynamic real - 
gas property variations during the discharging process.
This has involved the creation of a step-by-step computer 
simulation model to adequately describe the various stages 
of the gas discharge through the system.
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C. hh A P T E R 2
THEORETICAL STUDY 
2.1. Nomenclature
A; area, grouped vari ahie
3* al; polynomial coefficients
C; specific, heat
d; diameter
f; friction factor
Gj mass, flow density j rti/A
Gr; Grashof number
g; 1ocal acceleration due to gravity
h; . film heat transfer coefficient
K; pressure loss coefficient
k; thermal conductivi ty coefficient
L; length
m; mass
ft; mass flow
N; coefficient in derived functions
Nu; Nusselt number
P; pressure
Pr; PrandtT number
q heat energy
Re; Reynolds number
r; radius
s; entropy
T; temperature
t; time
V; volume
kinematic viscosity coefficient
dynamic viscosity; coefficient
P ’> density
o—, free f1ow/frontal area ratio
time constant
/ '
Suffices
1,2; boundary definition references, coefficient indices-
A; atmospheric conditions
ex; outlet
g; gas
i; i nner
in; inlet
n;. series element, reference 
o; other
p; constant pressure
w; wall
x; cross-sectional
Properties of the Real Gas
One of the major features of this, study is that; the theor­
etical analysis is*based on the properties'of the real gas. 
However, simplifications arising from assumptions of ideal 
gas behaviour and properties being constant over the pressure 
and; temperature range under consideration have been:used when 
justified.
Nitrogen gas is the working fluid used due to its low cost 
and; ready availability, but the methods used in treating the 
gas in terms of its realv properties are designed to be 
equally applicable to other suitable gases.
The properties of the gas most,directly relevant to this work 
are the coefficients of viscosity and thermal conductivity, 
and the basic thermodynamic properties described by, and 
derived from; an experimentally correlated equation of state.
A literature search generated references to a considerable 
number of papers, spanning many years, reporting;experimental 
determinations of the viscosity and; thermal conductivity co­
efficients for Nitrogen.: In most cases each of these papers 
covered only a l imi ted, range, of pressure or temperature con­
ditions. The data.presented in many of the papers has been 
critically evaluated and used by Hanley, McCarty and Haynes (1) 
to produce empirical functions representing the viscosity and . 
thermal conductivity coefficients of various fluids including
- 8 -
Nitrogen.. The parameters of the functions were determined 
by least-squares fits to/the selected data?andiit was shown 
that the; data could be represented sa ti sfactori1y wi thi n i ts 
estimated uncertainty. The functional forms of both the 
viscosity and thermal conductivi ty equations appeared to be 
independent of?the fluid,. The viscosity and thermal?conduc­
tivity coefficient data generated from the above functions 
over the range of application to the present study is.shown 
in graphical form in Figures 2.2.1. and 2.2.2. respectively.
Consistency with a reliable equation of state for the fluid 
was;considered of central importance in the above/work, and 
that is also true of the present study. The. equation of 
state for;Nitrogen used in the investigation of the viscosity 
and thermal conductivity was in a functional form reported 
by- Jacobsen and/Stewart (2). The functional parameters were 
again determined by 1east-squares fitting methods. Jacobsen 
and . Stewart: cone!ude .that, the, resulting equation .of. state 
for. Ni trogen reproduces?, the experimental data, on which i t 
is based within about 0.1%, over the pressure and temperature 
range of interest here. In addition to the equation of state 
the authors present the adjunct functions required for the 
calculation of complete, thermodynamic property tables and 
include such- tables: encompassing temperature and/pressure 
ranges of 63 K to 2000 K and 0.01 MN/m2 to 1000 MN/m2 res­
pectively. A plot of gas density versus entropy; (for Nitrogen) 
showing isobars and isotherms, derived from the above tables 
and covering the range applicable to the present study,, is 
shown in Figure 2.2.3.
The full functional form of the equation of state produced 
by Jacobsen and Stewart is made, up of a total of thirty-three 
terms containing, mixed functions and powers of density and 
temperature. The complexity of this equation; arising in 
the main from its extremely wide range of application, is 
considered i nappropriate i n the present context. The probable 
need* for repeated use and manipulation of the equation of 
state in the theoretical, study dictates the requirement for a 
simplified version; this may also assist in the evolution of 
a clearer overall model for the gas discharge process.
Attempts- to simp!ify the full functional form-of the equation 
purely by removing the least significant elements were pre­
dictably unsuccessful since each element is complementary to 
the rest. It was therefore decided.that an alternative 
equation.of state: should,be produced,, in.the simplest form 
possible within the restraints imposed by the need for 
accuracy and reliability, based on the data derived from the 
more complex form. Simp]i ficati on centred on a reducti on i n 
the required, range of applicability of the equation as defined 
by the conditions forecast for stored-gas systems. On this 
basis it was determined that an equation,of state was required, 
with an. acceptable.accuracy with respect to the available 
data, covering temperature and pressure ranges of about 170 K 
to 340 K and, 2.0 MN/m^ to. 35.0 MN/m^ respectively.
Close examination of the data revealed that, over the stated 
range, lines, of constant gas density plotted on a temperature- 
pressure grid (Figure 2.2.4.) were sufficiently linear to be 
represented by equations of the form:
P * N1 + N2T 2.1
The spacing of the constant-densi.ty lines.was clearly not a 
linear function of density so, as a first approximation, the 
assumption was^made? that each of the coefficients N-j and Ng 
was a second order function of density.
It was considered improper to obtain values of N-j for each 
constant density value by extending the plotted line back to 
the intersection with the pressure axis at the absolute zero 
temperature point. .This point was remote from the range of 
applicability of the plotted data and. completely unrealistic 
in terms of the real gas properties; in addition to this, the 
gross extrapolation involved in this: process would inevitably 
increase the error probability. In view of these factors, it 
was decided to select a suitable, datum within.the range'covered 
by the plotted data for evaluation of the N-j coefficients. The 
most appropriate temperature datum for this purpose was con­
sidered to be that equivalent to 0°C since, as well as falling 
relatively centrally in the plotted data range, use of this 
datum would permit the resulting equation of state to be utilised 
directly in a recognised temperature scale.
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Values of N-j and were obtained, from an expanded-scale 
plot similar to Figure 2.2.4., for a total of eighteen con- 
stant-densi ty 1 i nes. The method of 1 east squares was then 
used with these values to determine the coefficient values 
for the functions assumed for N| and N2.
Combining these functions in equation 2.1. produced an equation 
of state as follows:
P = (1.357 + 3.431 T.10"3) + />.. TO-3 (55.8 + 0.234T)
+ /o 2.10‘6 (95.03 + 0.906T) 2.2
O
NOTE: In this equation, pressure P is in MN/m , temperature
T is in °C, and density /> is in kg/m3",
A comparison: between the data tabulated, by Jacobsen and 
Stewart and that generated using; equation 2.2 produces a 
relative error distribution for this simplified equation of 
state as illustrated;in Figure 2.2.5. Consideration of the 
pressure-temperature envelope defined by a first-order pre­
diction of the significance limits in the present study, 
over-plotted on the error map, suggests, that use of equation 
2.2 should result in the introduction of computational errors 
not greater than + 1.5%. This level of accuracy in the pre­
diction of discharge process characteristics, over the speci­
fied pressure and temperature range, is considered acceptable 
although this will require further assessment as the theor­
etical study and experimental analysis are performed.
As the effects of heat transfer are required to be included 
in the theoretical modelling of the gas discharge processes, 
it is. necessary that a relationship be available; for the 
calculation of entropy linked with the parameters of the 
equation of. state. Jacobsen and Stewart provided for the 
calculation of entropy at any thermodynamic state from the 
full, functional relationship, evaluation, of which involves 
the substitution and manipulation of up to thirty-two multiple 
coefficients and functions of density and temperature. In 
the context of the present study this full functional relation­
ship is again considered unnecessarily complex and* wide 
ranging in application. A simplified form is required, 
suitable for practical, application over a relatively narrow 
range of thermodynamic states, in a similar way to the simpli­
fied equation of state.
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The method employed in deriving the;simplified;equation of 
state was again used and;the function
P = NgN2
Was found to give good individual correlation for?-each con- 
stant-entropy 1ine piotted on a temperature-pressure grid.
The coefficient N], however, was found to be discontinuous 
as a function of entropy* The above- functional form could 
thus not be adopted.
, Considering the relationship applied to,idea] gases when 
dealing with isentropic processes,, it seemed? possible that 
a suitable function might be found in.the form:
p == N^o1?2 2.3
N-j . and N2 each being assumed functions of entropy. The shape 
of constant entropy lines piotted?on.a pressure-density grid, 
Figure 2.2.6.,, suggested that this functional form would 
probably be satisfactory to describe them.
Using the tabulated data, least squares curve-fitting methods 
were employed to evaluate N-j and Ng for a total of eighteen 
entropy values. Plots were then produced;to,show the variation 
of N-j and N2 over the required, entropy range*. Least squares 
curve fitting methods were again used;to obtain, values for 
the functional coefficients of N^: and N2, the assumption 
being made that both N-j and N2 were: second-order functions 
of entropy.
Equation 2.3 then becomes;
P = (322.6786 x 103 - 135.948s + 1.4333 x 10'2S2);
^(22.6159 - 7.559 x 10'3s + 6.7734 x 10'7s2) ' 2.4
NOTE: In this equation, pressure P is in N/m , density/? is
3 ■in kg/m and entropy S is in J/k'g K.
Values of pressure were calculated using* this equation and 
compared with tabulated; values;, the resulting error distri­
bution over the appropriate pressure and density ranges is 
illustrated in Figure 2.2.7. A first order prediction of 
the process significance limits in this study, is again shown 
over-plotted on the error map; this suggests that use of 
equation 2.4 could result in computational errors up to about 
+10%, depending on the starting conditions and the gas dis-
■- charge process; path. Attempts to reduce this error; margin 
by the use of different assumptions regarding;the functional 
forms of the N j and Nr> equations> were fruit!ess, the major 
factor affecting;the accuracy being the amount of computation 
involved in the curve-fitting exercises to obtain the co­
efficient values for these functions. It was thus concluded 
that the potential errors described by Figure 2.2.7. would 
have to be accepted* .but that, the significance of this should 
be fully considered- when comparing theoretical predictions 
with the experimental data.
Discharge of Gas from a Storage Vessel
In order to formulate a suitable theoretical model for the 
, discharge process,, it is first necessary; to achieve an under­
standing of the-nature of the gas expansion in a practical 
system. To this end a survey ofexisting; literature on this 
subject was carried out, the results of which are summarised 
in the following paragraphs.
Prior to the mid-1960's, Tittle published information can-be 
found on the nature of practical discharge;expansion pro­
cesses. It was generally assumed that: the process was 
isentropic. However, in experiments simulating the discharge 
from an engine cylinder,. Weaving (3) found that the* index of 
expansion was; less- than the ratio of the specific heats for 
the different gases- used., It was assumed that, the index of 
expansion was constant and. that the temperature of the gas 
in the cylinder during expansion, was:uniform; neither of these 
assumptions was confirmed by measurement. Potter and Levy *(4) 
measured the temperature of the gas along a cylinder axis during 
discharge, and their results showed a progressive deviation 
from the isentropic law, becoming quite marked about 10 seconds 
from the commencement of discharge.
Transient effects in the discharge process were, considered*by 
Deckker and Ghang (5). using a- cylinder venting directly to 
atomosphere by way of an orifice. They concluded that when 
the orifice is small compared to the cylinder diameter, non­
uniformity due to wave action in the cylinder during the dis­
charge is negligible. The, decrease of pressure in the cylinder 
during discharge was considered to be similar to a free
expansion and the pressure, to be uniform everywhere. Strong 
radial temperature gradients;were measured" in experiments 
and; attributed to heat transfer from the cylinder wal T.
Deckker and Chang found that for a given dnitial pressure 
the deviation of the average temperature in the cylinder from 
the isentropic law depended on the.pressure-time relationship 
during the discharge.
Landram (6 ). confirmed, that the gas temperature hi story duri ng 
a discharge process was strongly dependent upon heat transfer 
from the container wall: and suggested that, the onset of an 
oscillating gas temperature component coincided with the rapid 
growth of a diffusional thermal) boundary layer on the wal1. 
Johnston and Dwyer,. who:studied the flow structure in dis­
charging gas reservoirs? using schlieren cinematography, 
demonstrated the existence, growth and stability of the wal1 
thermal* diffusion layer under various conditions and with 
different gases (7),
The*above theoretical, experimental and analytical work was 
in allcases performed under the strictly controlled-labora­
tory conditions necessary to allow reliable correlation 
methods to be used, so that a detailed understanding; of the 
gas discharge: process under known conditions: could be evolved.
In most cases, however, this meant that the/experiments and 
theoretical treatments were control!ed to permit the validation 
of simplifying assumptions. Landram.(6), for example, was 
.able to assume ideal gas equations of state; and obtained very
good correlation between^ predicted and: experimental results
2for discharges of gas with starting pressures up to- about 37 MN/m 
Johnston and Dwyer (7), in dealing with.the distinctly seperated 
'diffusion layer' and.'stagnant reservoir* regions in the dis­
charging vessel, were able to apply assumptions of thermodyn­
amically reversible ideal gas processes, isentropic expansion, 
constant Prandtl number and zero convection in the various/ 
sections of their analysis.
The present study is intended to be based? on the characteristics 
of a real* system such as: might be encountered in a- practical 
design situation; this applies to both the experimental?and
theoretica1 work. The theoreticalvstudy is based on simp!e 
thermodynamic relationships as far as possible, generalised 
equations being avoidedin preference for;specific expressions 
applicable to the type-of system thermodynami cs and geometry 
under consideration.
The expansion process in the storage vessel as gas is dis­
charged may be described, as a constant-volume expansion with 
heat transfer; ignoring for the moment the?thermal instability - 
effects reported by Johnston and Dwyer (7). The assumption 
of constant volume in,terms of the storage vessel structure 
is considered sound si nee. any i ncrease in the vessel si ze 
under pressure;represents a negligible proportion of the total 
volume for a properly designed structure operating within its 
design limits.
The presence of heat transfer in the storage vessel gas dis­
charge process is responsible, as shown by other workers, for 
a deviation from the. isentropic. process. This overall heat 
transfer could involve various forms of heat transfer at the 
outer surface of the vessel as well as conduction in the 
vessel walls and some heat transfer mechanism at the inner 
surface.
Considering first the outer surface of the vessel, it is felt 
that the vessel would?probably be; installed, within an outer 
structure in most; applications, so that the effects of radiation 
and. probably forced convection can be assumed negligible. It 
is unlikely?that significant physical attachments providing 
conduction paths would be present (certainly true of the 
present experimental fact-1 i ty), and free convective heat trans­
fer is considered to. be negligible in the context of short gas 
discharge periods and the probable response characteristic of 
the vessel material. It is therefore felt that an assumption 
that there< is zero heat transfer across the vessel outer wall 
boundary can .be justified with respect to real systems.
The dominant heat transfer mechanism at the inner surface of 
the vessel is generally assumed to be free convection, as in 
the above-mentioned references.. Exact solutions for the 
temperature profiles across the cylindrical and spherical wall 
sections of the storage vessel can be obtained using.the
appropriate form of the Fourier equation, These solutions 
are rather unwieldy, however, and in the present context i t 
is felt that errors arising from the adoption of assumed 
temperature profi1e approximations are 1i kely to be insignifi- 
cant in the overall model.
Lardner and Pohle (8) suggest that suitable approximations for 
wall temperature -profiles are, for polar symmetry,
T = (polynomial in r) In r 2.5
and for spherical symmetry
T = (polynomial in r) 2.6
r
Considering a cylindrical vessel wall-section and assuming a 
first-order polynomial,
if T = (a0 + a-jr) In r
^  + a-| (1 + In r)
A boundary condition-is that dT _ 0, at any time, at the 
outer surface;
so. 0 = a^ + a-. (1 + In r0) ' - 2.7
>o
AlsOj.from the original profile,
Tf = (aQ + a1 r^) In r. 2.8
and To = <ao + al ro) ln ro 2,9
Taking values for r.. and'rQ from the specification for the 
storage vessel used (ref. Appendix A), equations 2.7, 2.8 and 
2.9 can be sol ved to give T^  and IQ in terms of aQ or a-j. In 
fact it is found that T.. andTQ have almost identical values
due to the small magnitude of the ratio rQ - r^ . The use of a
v © / .  iv; F j
temperature profile approximation* is thus apparently superfluous 
and the assumption of a uniform temperature distribution across 
the vessel wall can be accepted.
A similar result is obtained, for the spherical end closures of 
the storage vessel, the relationship described by equation 2.6 
being used as the basis of the analysis. It is therefore
concluded that the vessel wal1 may be assumed to,be at a 
uniform temperature throughout, at any given time 'during 
the discharge process.
Following from the above arguments, it is considered that a 
suitable heat balance equation for the vessel discharge pro­
cess may; be formed from, the simple assumption that the heat
r -
input to the gas by convection is equal to the. heat loss from 
the wall, as manifested by a uniform reduction^in the wall 
temperature.
Means and Ulrich ((11), Ch.l), suggest that good correlation 
between theoretical and experimental results for convective 
heat transfer in a closed container is obtained using the 
relationship
Nu = 0.13 (Pr.Gr)1/3 2.10
This relationship applies only for turbulent natural-convection 
which would seem to be the most likely heat transfer mechanism 
occurring in the vessel during:discharge. It is possible that 
this may not be strictly true during the first moments of dis­
charge due to the growth of a diffusion layer at the vessel 
wall as described, by Johnston and Dwyer.(7), but it is con­
sidered that turbulent natural convection would quickly become 
the dominant heat transfer mechanism in a vessel discharging 
through a series of tubes/and valves in which reflective 
perturbations are likely to be generated very soon after the 
start of discharge.
The>probable presence of a developing diffusion layer at the 
start:of a discharging, process almost certainly casts doubt. . 
on any assumption that the gas temperature is uniform through­
out the vessel, but it would be necessary to conduct specific 
experiments to investigate the growth characteristics in a 
vessel in order to qualify this assumption properly. It is 
thus proposed to accept.the assumption of a uniform gas 
temperature for the purposes of the theoretical study, but to 
reconsider this assumption when,experimental data is compared 
with simulation results.
The assumed relationship for the heat transfer mechanism in 
the storage vessel, equation 2.10, may be reduced to yield 
an expression for the heat transfer coefficient as follows:
Pr = y Cp/kg 2.11
and Gr = g d3 (Tw - Tg)/v2Tg
Since \> = ^ !p
Gr - g (Tw - Tg)/7 2Tg 2.12
Also; Nu = hd/kg 2.13
Substituting 2.11, 2.12 and 2.13 in 2.10,. and reducing 
h = 0.13 (gCpy»g2k32 (Tw - T g ) / T g) 1/3 2.14
The gas density,/>g, is, clearly dependent on pressure and 
temperature as defined by the equation of state. The state- 
dependence of the parameters Cp,. kg and q » which is different 
in each case and significant over the pressure and temperature 
envelope of interest, must also be taken into account. It is 
considered that the errors likely to be generated in the 
individual treatment of each of the parameters may be minimised 
by evaluating, the state-dependence of the variables as a group. 
To this end, equation 2.14 may be re-written:
h = W p / T  [gg2 <Tw ' Tg)/T*jV3 2.15
where A = 0.13 (gCp k32/^ )1/3
The state dependence of ^  and kg, was discussed in section 2.2. 
and is illustrated in Figures 2.2.1. and 2.2.2. respectively. 
Values of ^  and kg have again been obtained from (1) and used 
with values of Cp taken from (2) to evaluate the group variable 
'A' under various pressure and temperature conditions.
Isobars, were plotted, on T - A and p  - A grids, as shown in 
Figures 2.3.1. and 2.3.2. respectively,, to investigate the 
possibility of deriving, a simple state-dependence equation for 
'A1. Lines indicating.isentropic expansion process paths were 
superimposed on these plots to give an indication of the real 
expansion process paths likely to be followed, since deviation 
from the isentropic process is not expected to be of a high
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order.. Inspection of Figure 2.3.1. suggests that, for an 
approximately isentropic. process,, the grouped variable 'A- 
may be represented as a 1 inear function of T but that this 
function is strongly dependent upon the process starting 
pressure. Figure 2.3.2.. is. plotted using the same scaling 
for 'A'-as used in Figure 2.3.1. in.order to allow direct 
comparison. Inspection of Figure 2.3.2. suggests that a 
single function ofp may/be suitable to represent 'A' 
irrespective of the starting conditions, again for an approxi­
mately isentropic process.
Considering the uncertainty factors associated with the 
plotted data it is felt that a; simple linear function ofp 
will adequately define 'A', accepting the fact that the errors 
generated in the use. of such a function are 1ikely to increase 
at low pressures.. For the purposes of the present study, 
however, it is concluded that attempts to improve the low- 
pressure accuracy of this function by the adoption of, for 
instance, a parabolic form are unlikely to result in a sig­
nificant overall improvement in accuracy. A suitable linear 
function to represent 'A', derived from Figure 2.3.2., is 
considered to be:
A = 9.12 + 0.012yc>g 2.16
Substituting in 2.15, this yields
h = (9 .12  + 0.012 fg ) ( /> g 2 (Tw -  T g ) /T g )1 /3  2 .17
NOTE: Absolute units are used throughout.
The heat input to the gas in a.small finite time interval :can 
be written as:
Aq = h AW1- (Tw - Tg)At 2.18
In the same time interval, the heat loss from the wall can be 
written as:
Aq = V ^ C w  A T w 2 .19
•The deviation of the expansion process from the isentropic can 
be evaluated from the change in entropy resulting from the heat 
-input; this/is. given by:i -... . ...........
As = Aq/ mg Tg 2.20
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where mg is the total mass of gas in the vessel, throughout 
which the effects of the heat input are assumed to be uni­
formly distributed. This assumption is subject to the same 
limitations as previously applied to that of a uniform gas 
temperature distribution, but is consistent with that assumption
It is noted that if small finite time intervals are considered 
as stated above, the change in the vessel wall temperature 
given by equation 2.19 cannot be used directly to obtain the 
new walltemperature/ due to the effects of the response 
characteristics of the wall. The response of the vessel wall 
to a step change in temperature is governed by the relationship: 
T -  t  " A t / r
Tf " Tw = e. 2.21
Where Tf is the wall temperature obtained, using the result of 
equation 2.19, TQ is the initial wall temperature (so Tf - T0 
is A tw from equation 2.19), T^ is the true wal1 temperature 
after the time interval At seconds, and T is the inherent 
wall time response constant.
The time constant T  is given by:
T  = p u  Cw Vw oo
-Tr*—  ,22
The relationships given in equations 2.21 and 2.22 are described 
by Broderick and Furber (9) in a paper on the behaviour of 
thermocouples, but can equally well be applied to the storage 
vessel in the forms shown above.
The relationships given above in equations 2.17 to 2.22, in 
conjunction with the previously derived thermodynamic state 
equations for the real gas (equation 2.2 and 2.4), may be used 
as the basis for a step-by-step analysis to predict gas* pressure 
and temperature in the storage vessel ,, and vessel wall tem­
perature, as functions of time: during the discharge process.
This simulation model is founded on the proposition that as 
gas flows out of the vessel, that remaining undergoes a uniform 
expansion which deviates from isentropic, conditions as a 
result of heat input from the vessel wall.
^This process is described in the model in terms of two seperate 
processes, each of which is assumed to take place within the 
same time interval, as follows:
(1) isentropic expansion associated with an outflow of gas 
producing a known reduction.In stored gas density; this ' 
results in a computable change in the gas pressure and 
temperature in the vessel
(ii) a constant-density heat input resulting from the gas-to- 
wall temperature difference arising from (i) and pro- 
* ducing a modification to the computed gas pressure and 
temperature
This overall process, is,:then repeated, with the modified 
starting conditions, for successive time intervals until1 pre­
determined limits for termination of the simulation are met.
As there is a heat loss from the wall resulting from the heat 
input, to the gas, the gas-to-wall temperature difference from 
which/that heat input is computed; will clearly be subject to 
error. As will be shown, later, however, the significance of 
that error under normal simulation conditions will be small 
due to the relatively large wall thermal response time con­
stant. A contrary effect of this poor wall thermal, response 
is that it limits, the heat input to ;the gas within; the speci­
fied simulation time interval; it.is necessary to allow for 
this in the simulation structure.
In order to allow for prediction, of the characteristics of 
virtually any storage vessel geometry and material, as well as. 
gas storage conditions and discharge rates,, the ‘constant1 
values incorporated in the model are restricted to those 
numerical values inherent in the equations formulated in the 
theoretical study. Inputs to the model are therefore required 
to define the storage vessel geometry (material volume, internal 
surface area and. capacity) and material (density and.specific 
heat). The gas storage condition parameters required to define 
the thermodynamic state at the start of the discharge process 
are pressure and temperature. Other 'starting1 values required 
are density, which may be obtained directly from the equation 
of state, and entropy. The appropriate value of entropy cannot
be obtained directly from the relationship derived in section
2.2. because of the functional form of that relationship; an 
iteration segment is. therefore included in the simulation 
model to compute this value. The gas rate of discharge, 
defined by a mass flow rate* may be specified as a constant 
value or as a function of time.
The basic gas discharge simulation model may be represented, 
in its general form, as illustrated in;the flow-chart shown 
in Figure 2.3.3.. In order to permit direct comparison between 
predicted and experimental data,, however, it is necessary that 
the output from the model should include the storage vessel 
wall temperature and the gas temperature as indicated by the 
particular measurement device used, in this case a thermo­
couple probe. This latter, feature is important because the 
characteristics of the measurement device may have a signifi­
cant effect upon the data.
A flow chart describing the complete simulation model is shown 
in Figure 2.3.4. and a listing of Fortran IV program statements 
to execute this model is given in Figure 2.3.5.
The model is structured to yield simulation data: for each of 
a number of constant mass flow rates over a range which may 
be selected as appropriate - in Figure 2.3.5., this is from 10 g/s 
to 30 g/s. A number of termination options, have been incor­
porated in the simulation model to provide safeguards against 
computation continuing with erroneous or unrealistic parameter 
values. Many of these termination limits are determined by 
the application envelopes appropriate to the. relationships 
derived in section 2.2; other relate to areas of interest,
(e.g. a minimum gas pressure of 2.0 MN/m ).
Data obtained using, the simulation programme is given in 
Chapter 3, Section 3.3.
2.4. . Supply. Manifold ETdw- • •
No attempt will be made in the present study to simulate 
theoretically the thermodynamic processes associated with the 
system 'start' valve or the pressure regulating valve.
• The start valve used in a real system would almost certainly 
be engineered so as to have a minimal effect on the system
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characteristics following operation. In view of this, little 
practical purpose would be served by performing a detailed 
study of the effects of the valve used in the present experi­
mental facility.
The pressure regulating valve was selected (ref. Chapter 3, 
Section 3.2.) on the basis of suitability to cover the rela­
tively wide parametric scope required,, and on commercial 
availability. In a practical system the pressure regulating 
valve would again almost certainly be designed to suit the 
specific requirements of that system, in terms of both flow 
and pressure characteristics, and. would most probably be con­
siderably smaller and simpler in construction than that used 
in the present experimental facility* It is considered 
unlikely that a study of the present valve, therefore, would 
be of value in the context of valve design for specific systems.
The gas supply manifold, by way of which the gas is.fed to the 
servomechanism (in the present case represented by a simple 
load nozzle) at a regulated pressure, is more likely to be 
typical of that which would be used in a practical system.
It is therefore, considered desirable that a theoretical model 
be evolved for the supply manifold, or 'discharge tube' whfch 
may then be correlated with the experimental data. The results 
of this study will, it. is. hoped, assist in the evaluation of 
the significance of the discharge tube effects with respect to 
the overall gas supply system performance.
The hydrodynamics of gas flow in a tube is well covered in most 
standard text-books. Areas of uncertainty exist, however, 
particularly with respect to assumptions made regarding the 
entrance and exit conditions.. The general reference used 
throughout the present discharge tube study is a compilation 
edited by Rohsenow and Hartnett (10), from which most of the 
other quoted references are derived.
The general relation for flow-stream pressu^e-drop calculation 
i  s :
(K.n+1 -o-9 +?■(& -l) + 4 f L  £; _A~o-*_K ) A  
\ P i. /  0  7  '  e x / %
A P  =  G f  
ZR
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- where the suffices 1 and 2 refer to the system upstream 
and downstream boundaries respectively, and p is given by:
V  - 1 fL 1  dx 2.24
p  1  I p
In equation 2.23 the terms represent in order: the.entrance
effect, the flow acceleration effect for a compressible 
fluid, the friction pressure drop, and:the exit effect.
For the purposes of the present study it will be convenient 
to treat each of these terms separately.
The entrance effect is taken to include both pressure losses 
due to expansion, of the gas following a vena-contracta and 
changes in pressure, due to the change, in momentum as the 
velocity profile is established.. Consequently, the friction 
factor f in equation 2.23 is based on an*assumption of a
fully established: velocity profile in the tube and hence on
the mean wall.shear rather than overall pressure drop.
The problem of abrupt (right angle) entrance and exit geometries 
introducing flow-stream pressure drop has been; experimentally 
and analytically treated by Kays (.11). In view of the gas 
flow rates anticipated, in the type of system under study (ref.
Chapter 3, Section 3.1.), and the discharge tube geometry
(shown in Figure 2.4.1.) which is also considered*generally 
typical for such systems,, an assumption that the flow in the 
tube will be turbulent (with 3 x 105 < Re <  5 x 105) is felt 
to be justified. Using this fact,, and for the geometry and 
predicted conditions, the entrance and exit pressure loss co­
efficients appropriate to this study are (from the .analytical 
work of Kays) assumed to be:
K. = 0.18 and K = 0.09in ex
In each case, o- = 0.67
Isolating the tube entrance and exit pressure-drops from 
equation 2.23, they may be expressed as:
APin = 0.366 g2/^( 2.25
- wherep\ is the gas density upstream of the entrance,
and A P ex = -0.231 G2/ ^  2.26
- where^2 is the gas density downstream of the exit.
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NOTE: A P av is shown as negative since it is in fact a
Ca
pressure rise, the effect of the area change being 
, greater than that of the pressure loss coefficient; 
this is also reflected in the appropriate term in 
equation 2.23.
Knudsen and Katz (12) comment that no general relationship 
is available to predict the distance required for the for­
mation of a fully developed: turbulent velocity profile in 
the entrance region of a tube. Barbin and Jones (13) have 
concluded for turbulent flow that the wall shear stress is 
developed within about 15 diameters of the entrance. Adop­
ting this assumption, the hydrodynamic entry length appro­
priate to the tube geometry used in this study is approxi­
mately 50 mm.
In order to evaluate the pressure drop due to acceleration 
effects and friction in the 'centre-section' of the tube it 
is first necessary to solve equation 2.24. In the case of 
the centre-section the value of A p is to be computed for 
finite elemental lengths of the tube so that the effects of 
heat transfer may more easily be included in the model. To 
facilitate this it will be assumed that the change in gas 
density over the element length, L, is linear (between 
and p 2)* Thus the density at any intermediate posisition 
x in the element is given by:
P  = h  ' £ ■
u *-
Hence; 1 f 1_ dx = 1 , L f ______1 ________dx
L i  f> L  i  L /° . - - / O  
- so 1  =  3___ 2-27
As previously stated., the friction factor f is based on an 
assumption of a fully developed velocity profile which, for 
. turbulent flow in a smooth tube, may be obtained from the 
Karman-Nikuradse relation
(4f)~°*5 = -0.8 + 0.87 In Re (4f)0*5
In the range 30,000 ^ Re < 10^, this is closely approximated
by
f  = 0.046 Re"0 ,2  2.28
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Assuming a median value of 350,000 for Re, 
f = 3.58 x 10‘3
Substituting this value and equation 2.27 in the relevant 
part of equation 2.23, the elemental pressure drop in the 
tube may be evaluated from:
Ap = g1 P< _1.0 +  -M6x10'7L/>,. ln(f±\ 2.29
V(Pi -pi)  \P')_
- where, in this case,^ andp2 represent the gas density 
values at the upstream and downstream element boundaries, 
respectively.
Under conditions of constant-property moderate-velocity 
turbulent flow in a tube,, convective heat transfer behaviour 
may be expressed in* terms of a Nusselt number which, under 
certain temperature boundary conditions, approaches a value 
independent of tube length at points, well downstream from 
the entrance. The two boundary conditions generally accepted 
as being of most technical significance, and for which an 
asymptotic Nusselt number is obtained, and for 'constant heat 
rate per unit length of tube' and 'constanct, surface tempera­
ture'. The former of these is considered most likely to 
apply in the present study, providing small elemental lengths 
of tubing are used in a step-by-step analysis.
For turbulent flow the 'thermal entry length' is character­
istically much shorter than for a laminar flow, so the asymp­
totic values of Nusselt number, expressed as functions of 
Reynolds number and: Prandtl. number; are frequently used directly 
in heat transfer design without reference to the entry length 
behaviour. In the thermal entry region, the Nusselt number 
value, is extremely high at the tube entrance plane, thereafter 
decreasing toward the asymptotic value, in. accordance with an 
eigenvalue solution. It is felt that an attempt., to include 
the heat transfer effects in the entry region in this case 
would be subject to considerable uncertainty factors; it is 
therefore proposed, to adopt the assumption that the velocity 
profile is fully developed at the point where heat transfer 
begins, accepting that this assumes an adiabatic starting 
length in which the flow develops.
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A recommended,relationshi p for the asymptotic NusseTt number 
appropriate to the assumption of constant heat rate:(obtained 
from (10)), and said to give good correlation with experi­
mental data, is:
Nu = 0.022 Re 0-8 Pr 0,6 2.30
Re = 4m/^Tccig and Pr = q Cp/kg
The convective heat transfer coefficient at the inner surface
of the tube is given by:
hT ' kg Nu7dt
- hence;
h. = 0.027 in 0,8 (kg0-4 Cp0-6) 2.31
d i l . S  j ? ° i  j
The parameters kg, Cp and: q are all gas-state-dependent and, 
as in the storage vessel study of Section 2.3.,, the state- 
dependence of the grouped term containing these parameters 
in equation 2.31 will be evaluated as a single function if 
possible.
Values of the grouped term were computed using real-gas. data 
as before and. plotted, against density for pressure and tem­
perature ranges of 2 MN/m2 to 10 MN/m2 and 220 K to 340 K 
respectively; this plot is shown in Figure 2.4.2. Examination 
of this plot suggests that the grouped variable may be 
adequately described as a function of density.by the relation­
ship:
/., 0.4 r 0.6v
= 129.8 + 0.216^ 2.32
f  ^  0 . 2  )
The reliability of this relationship appears to be questionable 
only at low pressures where: the gas. temperature is markedly 
removed from 273 K; at pressures, below 4.0 MN/m2 the maximum 
error is about + 2%, compared with values computed from tabu­
lated data, over the temperature range quoted above.
Combining equations 2.31 and 2.32, the heat transfer co­
efficient at the tube inner wall can be written:
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Heat transfer at the outer surface of the tube is assumed to 
be by way of free convection since no turbulence or 'forcing* 
flow sources are likely to be present in this area. On this 
basis, an overall Nusselt number relationship is recommended 
(10) in the form:
Nu = 0.47 (Pr Gr)0-25 2.34
and the heat transfer coefficient, hQ = k^Nu/do
The surrounding medium is assumed to be air at normal atmos 
pheric pressure,, and temperature T^ = 293 K. Substituting 
parametric values appropriate to these conditions in the 
above relationships yields;
A study of the temperature-profile across the tube wall, per­
formed in a similar manner to that for the storage vessel 
(ref. Section 2.3.), indicated that.temperature differences 
across the wall were likely to be very small compared with 
the mean wall temperature. It is therefore, assumed that the 
tube wall temperature is uniform in the direction normal to 
the gas flow direction.
In constructing energy balance equations it is considered 
necessary, and acceptable, to assume.that for a given tube 
element the properties of the, gas and tube material have con­
stant instantaneous mean values. On this basis the conductive 
heat transfer between successive wall elements (ref. Figure
2.4.3.) in the direction parallel-with the gas flow axis may 
be expressed as:
Pr = ? A Cp/kA> *  = M p /  (TA-TW0)/TA 7  A2
h
o 2.35
2.36
t
The heat transfer to the outer wall surface is given by: 
qo(n) ho Ao A t  (Ta - Tw(n))'
Similarly, the heat transfer to the gas from the wall inner 
surface,
qi(n) = h. A. A t  (Tw(n) - Tg(n)) 2.38
The heat loss from the material of the vessel wall is given 
by:
Aqw s V w^wCw A T w 2.39
The overall heat balance equation for the tube element is:
^ qw “ qo(n) + qw(n + 1) " gw(n) " qi(n) 2.40
where A q w is negative if the element is being cooled.
As in the case of the storage vessel it is assumed that the
heat input to the gas is manifested as an increase in entropy
given by:
As = qi/mgTg 2>41
- where m in this case represents the mass of gas instan- 
y
taneously present in the tube element.
_The response of the tube wall to step changes, in temperature 
is subjected to a delay constant in a similar way to the 
storage vessel, and may be evaluated using the relationships 
given in equations 2.21 and 2.22.
The relationships developed in this section,, in conjunction 
with the previously derived thermodynamic state-.equations 
for the real gas, may be used as a basis for a step-by-step 
analysis to predict gas pressure and temperature at the outlet 
from gas delivery tubing, and (where required) the tube wall 
temperature at any position along it's length, in each case 
as a function of time. In order to facilitate this it is 
necessary to specify, the mass, flow rate, pressure, and 
temperature of the gas. at the.inlet to the tube; each of these 
parameters may themselves be variable with time. It is also 
necessary to provide a relationship to enable computation of 
the gas density downstream of the tube outlet.. This latter 
requirement would normally be expected to be fulfilled from 
a consideration of a momentum equation applicable to the out­
let geometry and the system configuration immediately down­
stream of the outlet. .
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The out!et geometry and downstream system configuration in 
the experimental facility is such that a reliable relation­
ship cannot be defined for this purpose. It is therefore, 
not possible to obtain predictions suitable for correlation 
with the experimental data recorded in the present study.
However, a partial computer simulation model for the flow 
in the .supply manifold, is-proposed, formed from a consider­
ation of pressure, loss and, heat.input as gas passes through 
successive elements of the tube from, the inlet to the outlet; 
inlet and outlet effects are treated separately. Having 
taken account of the effects of pressure.loss and heat input 
whilst passing through one element of the discharge tube, 
the gas thermodynamic state at the 'outlet' from that element 
is taken as the 'inlet' state in considering the next 
element - and so on.
In order to be able to apply the relationships proposed, it 
is necessary to maintain a continuously up-dated knowledge 
of the wall temperature, for each.tube element, throughout 
the simulation period. This is. achieved by representing 
the tube as a one-dimensional array containing the required 
number of elements, each of which is initially specified as 
being at the local ambient temperature, Gas at a different 
temperature then enters the. first element and, is subject to 
the effects of pressure loss and heat transfer before 
entering the second element; at. this point, 'fresh' gas is 
entering the first element, possibly at a different 
temperature again. Thus the temperature profile along the 
tube, and the temperature and pressure profile along the gas 
contained at any given time, develops as discharge continues.
Due to the high velocity of the gas in the tube. it .is prefer­
able that the simulation be based on tube element lengths 
rather than time intervals since these would need to be very 
short and applied only to a. given point in the tube (the 
entrance,., say) because, due to the changing gas, state along 
the tubey the time for a given volume of gas to pass, through 
successive elements will be changing continuously. In fact, 
the simulation model is constructed such that the total
-  30 -
elapsed time from the start of discharge is computed at the 
first element of the tube, and in view.of the verysmall 
individual modelling time intervals, statements are included 
in the computer programme to ensure that data is printed only 
at realistic time intervals (e.g. 0.2 second).
For information purposes,, the computer programme is written 
so that pressure losses at the tuba inlet and outlet, and 
along the tube length, are presented as separate outputs, in 
addition to the actual.gas pressure at the tube outlet. It 
is,assumed that, the gas pressure upstream of the tube inlet 
is maintained constant by a pressure regulating valve, 
irrespective of the gas temperature.
In order that this model may function it is necessary that 
the gas temperature upstream of the tube inlet be specified 
throughout the required discharge duration. If,, as inmost 
stored gas systems, this temperature is not constant it must 
be specified as a function of time.
As with the storage vessel this simulation model is provided 
with a number of termination options, though in this case 
the major constraint is the time for which gas flow is speci- 
f i ed.
A flow-chart describing the complete model is shown in Figure
2.4.4., though the segment for computation of the gas density 
downstream of-.the tube outlet is shown as a general term only.
In view of the high gas velocities in this section of the 
supply system, and hence high convective heat transfer co­
efficients, no provision is. made for. correction factors to 
be applied to account for the thermal response Of either the 
tube wall or the experimental thermocouple probes. These 
factors were included during program development but were 
found to yield unrealistic results due to the very small time 
intervals involved.
A Fortran IV program, listing for computation of the system 
characteristics, neglecting outlet effects, is given in 
Figure 2.4.5.., an assumed inlet temperature-time profile 
similar to those recorded during the experimental programme 
is incorporated.
-  31 -
Whilst the analysis covered in this Section cannot be pro­
perly applied in the present study,, it could be used in 
conjunction with future experimental work when the system 
configuration may be better suited to it.
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•f?**
{ S a  S -  0.1 |
NO
f  I S Tc- T < Q.l(-
YES
IN P U T  
STO R A G E V E S S E L  DATA
Vu i fivt, £ ujAiui > V,_______
C O M PU TE V E S S E L  M A S S , 
H E A T  C A P A C IT Y  , AND  
R E S P O N S E  COEFF.
X
IN P U T
[GAS STORAGE DATA ! P , T  
SPECIFY MODEL INTERVALS At
X
IS  P *  0 .0  
i  NO**"
YES
S E T  UPPER AND LO W E R  
E N T R O P Y  M O DEL L IM IT S  
S x S, S,.________________ _
■{ p r in t  ‘end o f  s im u la t io n )  
I
| S T O P  I
X
C O M PUTE GAS DENSITY f a  
(2 .2)
T
j SE T ENTROPY S = S + A a  "J 
I
IS S <  S t
PRINT'ABO RT MESSAGE 
/O U TS ID E  SCOPE OF MODEL'
NOi
I  YES £
IS s = s .
*  NOj C O M P U TE  Pe ( 2 . 4 )  I
  --    + .........
T, > T
C O M P U T E  T c (2 .2 )
IS T c >  , s , OR <  T
t _ T «  *.T .
YES
T c < T
NO
*►{ IS  T - T c  < 0.1
-< C O M P U T E  X  (2 .Z )  
 1 -----------
Y E S
I COM PUTE M A S S  OF GAS 
g AND T O T A L  S Y S T E M
| S P E C IF Y  M A S S  FLO W , M )
T T
S E T  M O DEL'START'VALUES: 
P R IN T  TA B U LA TIO N  
HEADINGS, & VALUES AT t« 0
     1   ..............
t C O M P U TE  T IM E  t  A t 1—<-
■ -  ............
g C O M PU TE f> A F T E R  A t |
X
IS  p  4  0.1 fa YES
* -NO.
CO M PUTE M A S S  OF GAS 
JREMAINING IN  V E S S E L
X
j C O M P U TE  N |7 n
IS N, > i o *-
OR Njt < 1.515
f¥ Q
YES
C O M P U T E  P FOR CONSTlS 
E X P A N S IO N  TO  f>  ( 2 .1 / )
IS  P < 2 .0 YES
C O M P U T E  T  ( 2 .2 )
X
IS  T  > T „
l YES
COMPUTE MASS OF GAS 
IN VESSEL BEFORE 
T H IS  A t  S T E P
T E E
C O M P U T E  hbi (2 .1 7 ) |
J.
| C O M P U T E  A i .  ( Z . I B )  |
NO
Y E S
HAVE ALL 5PECIF1ED MASS 
FLO W  RATES B E E N  USED
C O M P U T E  AND P R IN T  
M A S S  DATA AT END D
rC
NO
ID E N T IF Y  AND P R IN T  
R E A S O N  FOR S IM U L A T IO N  
T E R M I N A T I O N  
. t Y E S
HAS T I M E  L I M I T  
B E E N  R E A C H E D
+ NO
IS P <  2 .0
OR S. > 5 . 5 5 x  IQ 3
T
P R IN T t  .P .T .T ^ .T i
C O M P U T E  INDICATED GAS 
T E M P .,T i ,U 5 l NG PRO BET:
X
I C O M P U T E  T  FOR PROBE 
t  NO
IS  PROBE h > 1.15 x  10s
X
YES
| C O M P U T E  h FOR PROBE
T NQ
_| 1 5 T  > T w
C O M P U T E  T  (2 .2 )
X
C O M P U T E  P FOR CONST, p  
AND N E W  S ( 2  .i f .)
| COMPUTE As (2  20): Sa S + As
{COMPUTE MODIFIED 2.19)1
| COMPUTE M O D IFIED  A T
C O M PU TE N E W  T o AS
M O D IF IE D BY ATM!  T u,(221)
j----------------------------E ___________
I C O M P U T E  T u ,  (2 .2 2 )
| C O M PU TE ATto> (2 .1 9 )
. N O T E S :  i) N O M E N C L A T U R E  IS  AS D E F IN E D  IN  S E C T IO N  2 .1 .
Ii) N U M B E R S  IN  B R A C K E T S ,( ) , R E F E R  T O  A P P R O P R IA T E  E Q U A T IO N  G IV E N  IN  C H A P TE R  2
F I G U R E  2 . 3 .1+. G A S  D I S C H A R G E  S I M U L A T I O N  •. C O M P L E T E  M O D E L  F L O W - C H A R T
H I G H _ PR ES SU RE STQRED GAS PE S£ AR CH  PR OJECT : G,C .PLANCHAftO : 19 75 - 1 9 7 7  
T H I S _M ° ^ E!:. A P P L I E S -0 N L ! - T - - THE g ISCNARGE 0F C A S E OU S NIT RO G EN . 
R A N G E .0f:. AP PL IC AB  I L 1 T Y _ ° F _THlS MQDbL ARE S P ^CIFLED,
BUT NO AC CO UNT  IS TAKEN OF THE ST RU C T U R A L  ASPECTS OP THIS,______________
DE SC RI BE D IN THE TEXT OF THE P R OJ EC T R E P O RT.
USED IN THE E X P E R I M E N T A L  I N S T R U M E N T A T I O N .
L IS T IN G  -  PAGE I
speci fi c heat; VESSEL internal SURFACE AREA AND CAP ACITY.
1 0 1  F Q - M A T ( ^ E .U ) v 2 4 ! 5 ‘ 1 / F 3 " 3 ^ £ 1 0 - 2 )
T O R C = V H C A P / V A R E A
S P E C I F Y -_S T 0 R A G E  C 0 N D I T I Q N S ;  P R E S S U R E  m n / m * * ? ,  t e m p e r a t u r e  c /■
20 REA 0( 1/1 Q2 ) PSTORE^ ISTORE<rTINT 
END PR OG RA M WHEN ALL S P E C IF IE D STORAGE CO ND IT IO NS  HAVE BEEN RUN.
PE RF OR M IT ERA TIO N TO OB TA IN INIT IA L ENTROPY VALUE SUITAB LE TO MODEL
Ps pST ORE
C B = 5 5 . 8 + . 2 3 4 * T
G R H O = ( ( C B » C B - 4 . * C A * C C ) * * . 5 - C B ) / ( C A * 2 . E - 3 )
F N U M = 1 , 3 5 7 + G R H 0 * . 0 5 5 8 + G R H 0 * G R H 0 * 9 5 . U 3 E - 6
XI = I
10 T fT s .LT.SL) GO TO 14
B s 3 2 2 . 6 7 8 6 E i - S * 1 3 5 . 9 4 S + S » S * 1 .43336-2
T C a ( P C - F N U M ) / F D E N ____________
11 I F ( ( T C - T ) . L E . 0 . 1 ) GO TO 13
FIGURE 2.3.5. GAS DISCHARGE SIMULATION: PROGRAM LISTING
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S I = s
L I S T I N G - P AG E  2
12 I F ( C T - T C ) . L E . O . I )  GO TO 13
1 CO NT IN UE
201 F O R M A T ( 1 X » 4 3 H S P E C I F IfcP S T 0 R AG E C O N D I T I O N S  ( P R E S S U R E  = * F 5 . 1 / 1 X , 7  
3 THE RANGE OF A P P L I C A B I L I T Y  . 0 F THIS PR O G R A M  ,/ 1X/3UH0R THE ENT R QP 
5./// )
13 CA = 9~5.ni+,906*TC
CC = 1I.357-PC+TC*3.431 E-3
G R H 0 1 = ( ( C 8 * C B - 4 . * C A * C C )» * . 5 - C B ) / ( C A + 2 . E - 3 )
sym»vmass+ghT
SPE CI FY MASS FLOW- RATE LIMIT S AND INT ER V AL S TO aE C O M S I O E R E D  
X J = 7  
T I M E =0.0 
P = PC 
S = SI
TP = T
W R I T E ( 3 # 2 U 2 )  V S T O R E ^ P S T O R E , T S  TO R E B O O T
2 7 H S T 0 R A G E  P R ES SU RE = /U P F 5 . 1 / 8 H  MN /M *» 2/  2 1 X , 2 7 H S T Q R A G E  TE
4H K G / S / / /  8 X / 1 5 HTIME FROM ST AR T/ 8 X * 1A H S T O R A G E  V E S S E L * 1 2 X ,3 H G A S , 1 2 X / 
6URE^11 X / 1 1 H T E M P E R A T U R h ^ 6 X / 1 l HTEMPERATURE/9X/>1 1 H T E H P E R A T U R E /  12X, 7H 
WR I T E 1 3 , 2 U 4 )  T I M £ * P / T / T W / T P
X K =  K
T1=T
G R H O * G R H O - ( M D O T * T I N T / V S  TORE)
F IG U R E  2.3.5. 
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-  CONTINUED
L I S T I N G  -  PAGE 3
G M 2 = G M 1 - m o o t * t i m e
H = ( 9 . 1 2 + G K H 0 * . 0 1 2 ) * t ( G R H 0 * G R H 0 * ( T W - T ) / T ) * * ( 1 . / 3 . ) )
T W1 =TW
W T O R = T O R C / H
D S 1= Q/ (G M* T)
A = 2 2 . 6 l 5 9 - S * 7 . 5 5 9 E - 3 + S * S * 6 . 7 7 3 4 E - 7
THE GAS T E M P E R A T U R E  I N D I CA TE D BY THE T H E R M O C O U P L E  PROBE IS ALSO
H P = ( 9 . 1 2 + G R H O * . 0 1 2 ) * ( ( G R H O * G « H O * < T P - T ) / T ) * * ( 1 . / 3 . ) )
P T O R = 5 1 0 , / H P
WRITE(3-/2U4) T I*E/>P , T , TW , TP
IFC P .L T. 2. 0)  GO TO 17
18 g m = g m + m d o t * t i n t
I F ( G R H 0 . L E . ( 0 . 1 * G R H 0 1 )) W R I T E (3,208)
I F C B . G E . 10000. 0) W R I T E ( 3 , 2 1 1 )
I F ( P . L T .2.0) W R I T E < 3 , 2 1 3 )
F IG U R E  2.3 .5 . -CONTINUED
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LISTING -  PAGE q.
IF((Tto-T).LE,0.0)WRITE(3#215)
0 R A G E VE SS EL  IS EX HAUSTED)
211 F O R » A T < 5 X , 3 i H  C0 EF. 8 I S  O U T S I D E  SCOPE OF M Q D E l T  
2 E M P E R A T U R E  C O R R E C T I O N  ( R E S P O M S F )  p p i  a t t i u k u t o c i
F IG U R E  Z.3.S. -  CO NTINUED
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I
IN P U T  
S Y S T E M  CONSTANTS , m  , 
STARTING. TEM PERATURE,Ta , 
CONSTANT SUPPLY PRESSURE, 
SIMULATION T IM E  L IM IT ,
No.OF ELEMENT5 IN T U B E , T
I
I S E T  ALL ELEM ENTS TO  T *
 T  ::
| S E T  IN IT IA L  V A L U E S
1 r  —
CO M PUTE VALUES OF 
C O N S TA N TS  TO  BE USED 
REPEATEDLY IN M O DEL
 ;--------------
S E T  T O T A L  E L A P S E D  
T I M E  , t  = Q s,
   J  .........
CO M PUTE GAS TEMPERATURE 
AT INLET USING DEFINED  
TEM PERATURE -T IM E  
PROFILE : T lf0 AT 1 = 0 .0
C O M P U T E  U S IN G
P r AND T , * ________
S E T MODEL STA R T VALUES: 
PRINT TABULATION  
HEADINGS % VALUES AT t«0.0
5 E T  T IM E  AT W H IC H  DATA 
TO  BE P R IN T E D , t P
I
S E T  CONTROL PARAMETER  
N  - I
-  r    r   —
R E -S E T  V A L U E S  
A P P R O P R IA T E
A S
I
COMPUTE T IM E  FOR GAS 
TO PASS THROUGH F IR S T  
E L E M E N T  (U S IN G  f i  i )  •. A t
f
I
IS  t  >■ t ,
NO
YES
I
±
R E S E T  t ?* t p  + CONST. 
IN C R E M E N T
C O M P U T E  t a t + A t
NO I
C O M P U TE  T , AT NEW  t  
(FR O M  D E F IN E D  PROFILE)
j  IS  t  >  T IM E  L IM IT ?  
- l^ES
E T N D
CO M PUTE PRESSURE-DROP  
DUE TO INLET EFFEC TS: API#J
COM PUTE PRESSURE AT 
ENTRANCE TO F IR S T  
ELEM EN T P, *  PA -  AP,*
COMPUTE GAS D E N S IT Y ,A  
USING T „  P,
COMPUTE ENTROPY S, TO 
SUIT T, ,USING  
ITE R A TIO N 'R O U TIN E
YES
IS  M  « L  ?
 T---------
NO
C O M PU TE T IM E  FOR GAS 
TO PASS THROUGH NEXT  
E L E M E N T ,U S IN G  fi(wi> : A t
    T .....
COMPUTE CHANGE IN ELEMENT 
WALL TEM PERATURE : Tw
I
| HEAT BALANCE FOR ELENIENlf
    P  J
COMPUTE <*AT OUTLET CROSS- 
SECTION OF E L E M E N T  ; fra.
' K ° _  -  -
1 S E T frx= 0 .0  1
IS T H IS  T H E  LA ST ELEMENT 
  ( M  s i )  ?
YES
COMPUTE y  AT INLET CROSS-  
S E C TIO N  OF E L E M E N T ; ?, | S E T  ^-,=0.0 [
f lS  T H IS  THE FIRST ELEMENT? [
Y E S
COMPUTE V\ .H E N C E  o ,,A T  
ELEMENT OUTER SURFACE
t
| COMPUTE Pour~
f
| COMPUTE A P ,* + APoot
COMPUTE PR ESSU R E-D R O P  
DUE TO E X IT  EFFE C TS A P .^
} YES
HAVE T  E L E M E N T S  BEEN 
C O N S ID E R E D  ?
NO
COMPUTE SUM OP PRESSURE 
LOSSES IN ELEMENTS-. TL A Rf (n
JL
C O M PU TE V > > T ^ A T  
EN D  OF M ™  E L E M E N T
I
COMPUTE VISCOUS FR IC TIO N  
PRESSURE L O S S  IN  
E L E M E N T  A P f ^
I
COM PUTE /?m)AT END OF
ELEM EN T A S S U M IN G  NO 
V IS C O U S  L O S S E S
±
COMPUTE H AT INNER . 
SURFACE OF ELEM EN T ; -  
HENCE -v AND CHANGE IN  S
±
R E -S E T  V A LU E S  AS  
A P P R O P R IA T E - f  M  s M + 1 '[
SE T CONTROL PAR AM ETER  
M  *=1
j— ..- ...........- ....* ....
R E -S E T  V A L U E S  AS 
A P P R O P R IA T E
S E T  CONTROL P A R A M E TE R  
L = N  ; S E T  L s T  IF
N >  T
F IG U R E  2 .4 .4 . D IS C H A R G E  M ANIFOLD S IM U L A T IO N : M ODEL FLOW -  CH A R T
PAGE I
T W ( I ) « T A
C H = ( f * F * * . g )  /  < 0 1 * * 1  . 8 )
C D = . 2 5 * C L * P I * O I * D I / M F
e r a t u r e - t i m e  p r o f i l e  a t  e n t r a n c e  t o  T H E  T U B E  ft* u s t  b e  s p e c i f i e d  
T 1 = T A - ? 7 3 . 1 5 - 5 . - E T * 4 . 5 7 5
fti = ( ( c e * c e - 4 . * c A * c c ) * * , 5 - c B ) / ( c a * 2 . e - 3 ) 
j R T " T  £ < 3 , 2 C 1 )  T L E N , P O , l n , P R E G 
\ G A ? . - H <" P - R A ^  1 N L  E T v *  *  b l e w  i t h  t i « e 7 7 ~ 2 C x ,  n  o 7
3 1 P E 9 . 3 / 1  X / I H M /  2  0  X /  2  0  H T U bT  I N S I D E  D j A N E U R /  8  X ,  2  H =  ,  1 P E 9  , 3 ,  V x  ,  1 ^ * 7 *  
5 H T I M E  F R C I *  S T A R T , 8 X , 1 5 H G A S  T E M P E R A T U R E , 7 X , 2 1 H T U B £  W A L L  T E M P E R A T U R E
9X,1HK,1CX,1HK,12)fy7HMN/M**2,12X,7HMN/M**2,7X,7HMN/M**2 / / ) 
2 C 2 FORMAT(F13 . 2 , F 1 9 .5 ,F11 . 5 , 2F14 - 5 , F1 4 .6 , F19 . 8 , F14.8)
FIGURE 2.4.5. DISCHARGE MANIFOLD SIMULATION -
PROGRAM L IS T IN G
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PAGE 2
F 0 s 3 . 4 3 1 E - 3 + R l * . 2 3 4 E - 3 + R 1 * R 1 * - 9 0 6 E - 6  
D 0 3  K a T C / 8 6 C / 1 0  
S =  4 7 9 C  .  + XK
A s 2 2 . 6 1 5 9 - S * 7 . 5 5 9 E - 3 + S * S * 6 , 7 7 3 4 E - 7  
p r  =  i
1 P L I C A E I L I T V  O F  T H I S  P R O G R A M  f / 1 X / 8 C H Q R  T H E  E N T R O P Y  I T E R A T I O N  S E G M I
F IG U R E  2.L S. CONTINUED
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PAGE 3
I F ( N . G E . J )  l = j
S 1 =  S 2
( 3 . 5 C 5 + R 1 * 5 . 8 3 2 E - 3 )  
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D P T = D F T + D P T 1
SEGMENT REQUIRED TO COMPUTE DPO,PRESSURE DROP AT OUTLET
P O U T  =  P 2 - C  PC
SEGMENT REQUIRED TO COMPUTE l TOUT;,TEMPERATURE AT OUTLET
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Q1=0.C~
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4  C O N T I N U E
1 0  I F C A . L E . 1  . 4 8 . 0 R . B . G E . 1 2 Q 0 ( J . )  W R I T E  ( 3 , 2 0 4 )  A * B
F IG U R E  Z.l+.S. C O N T IN U E D  
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3.1. Parametric Definition
The scope of the project, in terms of storage conditions, 
pressure regulation and discharge parameters, was defined 
by predicted requirements of future practical power source 
design/optimisation studies.
The maximum gas storage pressure considered was fixed by the 
working limit applicable to the vessel used, in this case 
one having the specification and characteristics shown in 
Appendix A* As suitable temperature conditioning facilities 
could not be provided economically, all of the experimental 
work was conducted at. the laboratory ambient temperature. In 
view of these factors, a suitable experimental storage pressure 
range to yield practically representative information was 
considered to be 14.0 MN/m2 to 30.0 MN/m2.
Reference to existing and postulated servo, systems to which 
stored gas sources might be applicable suggests..:that a con­
trolled gas supply pressure of about 5 MN/m^ would be required.
In order to ensure that a useful range of supply pressure was 
covered, experimentation therefore encompassed the range 2.0 MN/m2 
to 8.0 MN/m2.
The mass flow demand imposed by a servo system clearly depends 
upon the performance requirements and the number of elements 
to be supplied. In consideration of the type of system likely 
to benefit from the use of a stored gas source, the demand mass 
flow range adopted as an aim here was 8.0 g/s to 20.0 g/s.
Numerous other experimental parameters, including storage 
vessels and gas delivery tubing of various sizes, shapes and 
materials, and different, types and relative positioning of the 
system elements, were considered for inclusion but omitted in 
view of the limited time available.
The experimental programme was based upon a full factorial 
experiment in the three main parametric variables, using the 
following values.
EXPERIMENTATION
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Storage Pressure 14.0 MN/m2, 22.0 MN/m2, 30.0 MN/m2
Regulated Supply Pressure 2.0 MN/m2, 5.0 MN/m2, 8.0 MN/m2
Load Nozzle (actual) Diameter 2.2 mm, 2.7 mm (Ref. Appendix B)
Due to limitations in the number of data acquisition channels 
available, it was necessary to repeat each test in order to 
obtain all of the information required for analysis. The total 
number of trials planned was thus 36.
Manual intervention between trials was minimised. - to improve 
repeatability and hence cross-referencing accuracy - by con­
ducting the trials as full factorial experiments in storage 
pressure and load nozzle size at each successive level of the 
defined regulated supply pressure.
The full experimental programme is shown in Figure 3.1.1. which 
also indicates the instrumentation emphasis of each trial, as 
discussed in Section 3.2.
3.2. Test Facility
The overall test facility comprised, an experimental section 
simulating a practical high pressure gas storage and delivery 
system, and a supply section to allow controlled pressurisation 
of the storage vessel in accordance with the experimental 
requi rements.
In the gas supply section, shown in Figure 3.2.1., dry nitrogen 
gas from a standard laboratory cylinder was compressed using a 
reciprocating pressure intensifier driven by low pressure air. 
The output from the intensifier passed to the experimental 
storage vessel by way of an isolating stop-valve. The gas 
storage pressure was indicated, for control and safety purposes, 
by a pressure gauge with a tapping at the inlet to the vessel.
A pressure relief valve, set to open at a level lower than the 
maximum working pressure specified for the vessel, was also 
fitted at the vessel inlet.
The equipment and configuration used in the experimental sec­
tion, shown in Figure 3.2.2.,. was dictated largely by the 
requirement to represent a practical gas storage and supply 
system as closely as possible. The storage vessel, having the 
dimensions and working.specification given in Appendix A, was 
entirely representative. The solenoid stop-valve and the 
pressure regulating valve, however, were considerably larger 
than would be used in a practical system. In both cases this
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was due mainly to the requirement for large flow capacity, 
coupled with the need for high.durability and reliability when 
used in the prolonged experimental programme. The regulating 
valve was also required to be fully adjustable over a wide 
range of outlet pressures.. The solenoid valve, which was 
automatically switched by the computer control system (see 
below), was positioned downstream of the regulator in order 
to minimise gas flow-path interference between the storage 
vessel and regulator, thereby producing acceptably realistic 
vessel outlet conditions.
The high pressure steel tubing used throughout the facility 
was considered.to be fully representative in terms of both 
size and material; that length of the tubing used to connect 
the solenoid, valve to the loading nozzle (the 'discharge tube') 
was felt to be typical of a practical gas supply system. The 
experimental loading nozzles were sized, based on ideal gas 
relationships (ref.. Appendix B), to produce approximately 
the mass flow rates specified in Section 3.1. Details of the 
nozzles and housing are given in Figure 3.2.3.
In addition to the essential experimental features noted above, 
a cooling air supply was incorporated to accelerate recovery 
of the 'stored gas' to the local air temperature following 
compression heating during storage vessel filling. The whole 
of the experimental section of the facility was enclosed 
within a metal cabinet, lined with wood, for safety purposes.
The overall test facility is illustrated diagramatically in 
Figure 3.2.4., and full details of each item of equipment are 
given in Appendix C.
Because of the short test durations and the consequent need 
for relatively high data acquisition rates,-the data handling 
system was based on and.automatically controlled by a small 
computer.. This also facilitated direct reduction and presen­
tation of the large amount of data in a suitable form for 
analysis. The computer input interface, however, was limited 
to eight data channels so it was necessary to divide each test 
into two experiments, with respect to monitoring points, in 
order to allow all the required data to be recorded for any 
given set of parametric conditions (ref. Section 3.1.). The 
instrumentation configurations for these two experiments,
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comprising pressure and temperature measurement devices, are 
illustrated in Figure 3.2.5.
Gas temperatures were monitored in all. cases using small, 
sheathed, mineral insulated thermocouple probes introduced 
through tube unions using specially designed pressure-tight 
glands; this is illustrated, in Figure 3.2.6. In the case of 
the gas in the storage vessel, the temperature was monitored 
at the approximate, centre of the vessel; this ensured that 
the bulk gas temperature was. recorded but,, being a relatively 
stagnant pool of gas, the heat transfer coefficient appropriate 
to the probe was likely to.be. small and the thermocouple res­
ponse characteristic therefore significant. In all other 
cases the thermocouple junction was positioned at the centre 
of the relatively high velocity gas flow in the small diameter 
tubing.
The gas storage vessel and discharge tubing, surface tempera­
tures were monitored using flat thermocouple 'patches'.
These were attached to the surface of the storage vessel, one 
on the central cylindrical section and one on an hemispherical 
end-closure, using strain-gauge cement. Because of the stiff­
ness of the. patches and the. high surface curvature of the 
small diameter tubing it was. necessary in this case to use a 
tight binding of self-adhesive tape in order to ensure good 
surface contact. This had no measurable effect on the perfor­
mance of the thermocouple, due to the very small thermal mass 
of the tape. During early tests the thermocouple used to 
monitor the surface temperature at the inlet end of the gas 
discharge tubing was positioned as near as possible to the 
inlet union. The. temperature recorded in this position, 
however, was. markedly oscillatory in nature, the phase being 
proportional, to the. angular position of the thermocouple on 
the tube - as illustrated in Figure 3.2.7. It is likely that' 
this resulted from rotating attachment of the gas stream-tube 
in the entrance region. The thermocouple was positioned 
downstream of this entrance region for the majority of the 
tests, and produced data which was free of the above oscillation.
For simplicity, the thermocouple reference junctions were held 
at the local room temperature. Changes in this reference tem­
perature during the short test durations were minimal, and the 
reference was taken into account in the data reduction system.
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The gas pressures indicated in Figure 3.2.5,. were monitored 
using variable reluctance transducers and short probes intro­
duced at the tube unions, as shown in Figure 3.2.6.
I
Full details of all the instrumentation devices are given in 
Appendix D.
As previously noted the data acquisition and handling system, 
illustrated in Figure 3.2.8.,, was based on the use of a mini­
computer. Because of the computer input register limits 
(equivalent to signal magnitudes of + 10V) a variable gain 
operational amplifier was included in each data channel; the 
gain employed in each channel was selected to ensure that 
quantisation effects were minimised at low signal levels, 
whilst avoiding saturation at high levels.
A number of short, routines,, stored on a disc file, were used 
to set up the required data files, in the random access 
memories, start gas discharge by triggering the solenoid 
valve, and log data in a specified order and at a nominated 
rate. Data reduction routines based on the calibration 
characteristic of each of the instrumentation devices were 
then used.to present, the data in terms of real dimensions.
As the computer operated with integer values only, these 
routines were structured to. produce pressure and temperature 
data in MN/m2 x 1.00 and °C x 100 respectively, thereby yielding 
an effective resolution to two decimal places. Other routines 
allowed data output via a wide range of peripherals as indi­
cated in Figure 3.2.8.
Details of the computer system, covering both hardware and 
software command structure, are given in Appendix E; the data 
reduction routines are explained in Appendix F.
3.3. Results and Analysis
The full programme of tests conducted is shown in chronological 
order in Figure 3.3.1., in which the test reference numbers 
correspond with the planned experimental programme of Figure 
3.1.1.
In view of the very large amount of data collected in the course 
of the tests, a complete data tabulation for one of the shorter 
tests only is reproduced in Figure 3.3.2. Examples of experi­
mental data plots covering all the measured data for various
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gas storage and discharge conditions are given in Figures
3.3.3. to 3.3.10., inclusive. Typical pressure and tempera­
ture profiles through the experimental system, for times just 
after the start and just before the end of gas discharge, are 
shown in Figure 3.3.11.
For the purpose of comparative analysis of the experimental 
data, the discharge process is defined as being complete when 
the gas pressure downstream of the regulating valve falls to 
90% of the mean level during discharge. Using this definition 
some basic results may be obtained directly from the experi­
mental data as shown in Figure 3.3.12. Further objective 
analysis is restricted to comparisons between the experimental 
results and computer simulations matched to specific storage 
conditions.
Again, in view of the large amount of experimental data avail­
able, this latter form of analysis is limited to selected 
tests only, these being chosen to cover the full range of 
experimental parameters. Simulation data for a number of 
constant mass flow rates yielding suitable storage vessel 
pressure and.(indicated) gas temperature predictions for spec­
ific starting conditions has been over-plotted on the appro­
priate experimental data. Examples of these composite plots 
are shown in Figures 3.3.13. to 3.3.18., inclusive. The mass 
discharge rates suggested by the experimental/theoretical 
comparisons, are tabulated in Figure 3.3.19., together.with 
the appropriate experimental parameter values. A typical 
output produced by the computer simulation program for the 
gas discharge process is shown in Figure 3.3.20.
Since the mass flow in any given test* obtained from the above 
comparisons, remains relatively constant throughout the dis­
charge process, the predictions for actual gas temperature 
during discharge (as opposed to the temperature indicated by 
the thermocouple probe) are considered acceptable for use in 
assessing the.true pressure-temperature characteristics of 
the process. Plots of (predicted) pressure-versus-temperature, 
showing the effect of starting conditions on the process path, 
are given in Figure 3.3.21. It is noted that the conditions 
used are all enclosed within the application envelope for the 
storage vessel used in this study, as given in Appendix A.
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Variations in mass flow rate have no effect on the shape.of 
the curves but change the process time-scaling.
The effects of mass flow rate and regulated pressure on the 
duration of useful gas discharge from specified storage con­
ditions are indicated in Figure 3.3.22.
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T E S T
N a .
S T O R A G E  
P R E S S U R E  
M N  n fx v
( n o m i n a l )
REGULATED  
P R E S S U R E  
, M N  m"z v
( n o m i n a l )
LOAD
N O Z Z L E
DIAMETER
mm
IN S T R U M E N T A T IO N
E M P H A S IS
1 14.0 2.0 2.2 STORAGE V E S S E L
2 22.0 2.0 2.2 STORAGE V E S S E L
3 3 0 . 0 2.0 2.2 STORAGE V E S S E L
4. / 4 . 0 2.0 2 .7 S T O R A G E  VESSEL
5 22.0 2.0 2 .7 S TO R A G E  VESSEL
4 3 0 .0 2.0 2.7 S T O R A G E  V E S S E L
7 14.0 2.0 2 .7 DISCHARGE T U B E
B 22.0 2.0 2 .7 DISCHARGE T U B E
9 3 0 . 0 2.0 2 .7 DISCHARGE TUBE
10 14.0 2.0 2.2 DISCHARGE T U B E
II 22.0 2.0 2.2 D IS C H A R G E  T U B E
12 3 0 . 0 2.0 2 .2 D ISCHARGE T U B E
13 ....... . I.4,Q.. 5 .0 2.2 STORAGE V E S S E L
14 22.0 5 .0 2.2 STO R A G E  V E S S E L
15 3 0 .0 5 . 0 2 . 2 STORAGE V ESSEL
14 140 5 . 0 2 .7 S T O R A G E  V E S S E L
17 22.0 5 .0 2 .7 S T O R A G E  V E S S E L
IB 3 0 . 0 5 .0 2 .7 STO RAG E V E S S E L
19 14.0 5 .0 2 .7 D ISCHAR G E T U B E
20 22.0 3 .0 2 .7 D ISC H A R G E T U B E
21 3 0 .0 5 .0 2.7 D IS C H A R G E  T U B E
22 14.0 5 .0 2.2 D IS C H A R G E  T U B E
2 3 22.0 5 .0 2.2 D IS C H A R G E  T U B E
2.4 3 0 .0 5 .0 2.2 DISCHARGE T U B E
2 5 14.0 a.o 2.2 S T O R A G E  V E S S E L
2 4 22.0 a.o 2.2 S TO R A G E  V E S S E L
2 7 3 0 .0 B.O 2.2 STO RAG E V E S S E L
2B 14.0 a.o 2 .7 S T O R A G E  V E S S E L
2 9 22.0 a.o 2 .7 S T O R A G E  V E S S E L
3 0 3 0 . 0 a.o 2 .7 S TO R A G E  V E S S E L
31 14.0 a.o 2.7 D IS C H A R G E  T U B E
3 2 22.0 a.o 2.7 D IS C H A R G E  T U B E
3 3 3 0 .0 a.o 2 .7 D IS C H A R G E  T U B E
3 4 14.0 a.o 2.2 D IS C H A R G E  T U B E
3 5 22.0 a.o 2.2 D IS C H A R G E  T U B E
3 4 3 0 . 0 a.o 2.2 DISCHAR GE T U B E
N O T E  : S TO R E D  GAS TO BE S T A B IL IS E D  A T  T H E  L O C A L  AIR  
T E M P E R A T U R E  FOR E A C H  T E S T
FIG URE 3.1.1. E X P E R IM E N T A L  P R O G R A M M E
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NITROGEN GAS 
SUPPLY/CONTROL
STORAGE PRESSURE 
INDICATOR
DRIVING AIR 
SUPPLY/CONTROL
RELIEF VALVE
STOP-VALVE
(Experimental S ec t ion  
I s o la t o r )
FIGURE 3.2.1 . TEST FACILITY -  GAS SUPPLY SECTION
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T E S T
No.
/  REF. \  
1FIG.3.I.I.,
D A T A
SAMPLING
INTERVALS
s
T O T A L
SAM PLING
DURATION
s
INSTRUMENT  
FORMAT  
(REF. FIG.3.2.5)
RECORDS
GENERATEO
B /6 I 0 . 4 IOO CL P LO TS
9 /6 2 0 . 5 1 2 0 d. P L O T S
9 /6 4 0 .2 5 60 cl P L O T S
11/6 s 0 .5 1 2 0 a PLOTS
• 4 /6 7 0 .2 5 6 0 b PL O T S
16/6 a 0 .5 120 b P L O T S
16/6 10 0 .5 120 b P L O T S
16/6 n 0 .5 120 b P L O T S
2 3 /6 13 0 .2 5 60 a P L O T S
2 4 /6 14 0 .2 5 6 0 a P L O T S
2 8 /6 1 6 0.125 3 0 a P LO TS
7 /7 17 0.25 6 0 et P L O T S , C A , PT
19/7 IB 0 .2 5 6 0 a P L O T S  , CA
20/7 1 5 0 .2 5 6 0 d P L O T S , C A , PT
2 0 /7 2 2 0 .2 5 6 0 b PL O T S , C A , P T
2 0 /7 2 3 0 .2 5 6 0 b PLO TS , CA
2 2 /7 19 0 .1 2 5 3 0 b P L O T S , C A , P T
2 2 /7 2 0 0.125 3 0 b P L O T S  , CA
2 2 /7 2 1 0 .1 2 5 3 0 b P L O T S  , CA
i o / b 23 (R ) 0 .125 3 0 b P L O T S  , C A ,P T
io  / a 2 4 0 .1 2 5 3 0 b P L O T S  , C A ,P T
l l / B 2 5 0.1 2 4 a P L O T S  , C A ,P T
12/ a 2 6 0 .05 12 a P L O T S , C A , PT
1 2 /8 2B 0 .0 2 5 6 a P L O T S , C A , P T
1 2 /8 2 9 0 .0 5 12 a P L O T S  , C A , P T
1 2 /8 3 0 0.1 2 4 a P L O T S  , C A , PT
13/B 2 7 0.1 2 4 a P LO TS
16/8 3  1 0 .0 2 5 6 b P LO TS  , CA , P T
/ 6 / B 3 4 0 .0 5 1 2 b P L O T S , C A , P T
1 6 /B 3 5 0 .0 5 12 b P L O T S , C A , P T
17/B 3 2 0 .0 5 1 2 b P L O T S , C A , P T
17/fl 3 3 0.1 2 4 b P L O T S  , CA , PT
1 /9 3 6 0.1 2 4 b P L O T S  , C A , P T
2 / 9 3 0 .5 120 a P L O T S , C A , PT
2 /9 6 0 .5 120 a P L O T S , C A , P T
3 / 9 9 0 .4 8 0 b PLOTS , CA , P T
3 / 9 1 2 0 . 4 100 b P L O T S , C A , P T
6/ 9 7  (R) 0 . 2 5 6 O b P L O T S , C A , P T
6 / 9 a  (R ) 0 . 2 5 6 0 b P L O T S , C A , P T
7 / 9 10 (R ) 0 . 2 5 6 0 b P L O T S  , C A , P T
7 / 9 II (R ) 0 . 2 5 6 0 b PLO TS , P T
B / 9 1 <R) 0 . 2 5 6 0 dL P L O T S  , P T
B / 9 2 (R ) O. 2 5 6 0 a P L O T S  , P T
8 / 9 4  (R ) 0 .1 2 5 3 0 a P L O T S  , P T
9 /9 •3  (R ) 0 .1 2 5 3 0 a P L O T S  , P T
14/9 18 (R ) 0 .1 2 5 3 0 a P L O T S  , P T
Z4/9 20  (R) 0 .1 2 5 3 0 b P L O T S  , P T
/ 4 / 9 21 (R) 0 .1 2 5 3 0 b P L O T S  , P T
( R ) -  DENOTES REPEAT : CA = DIGITAL CASSETTE , P T  *  PUNCHED T A P E
FIGURE 3.3.1. TABULATION OF FU LL EXPERIMENTAL PROGRAMME
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TIME s p, P* P* T , T * T * T«r
0*10 1 420 666 514 2287 1 887 2383 2412 2442
0.20 1 352 667 534 2287 1 560 2057 2412 2496
0.30 1 395 679 523 2287 1 512 1960 241 2 2496
0.40 1316 669 538 2287 1463 1912 241 2 2496
0.50 1352 677 522 2258 1402 1851 2399 2448
0*60 1274 . 669 537 2258 1366 1791 2399 2448
0.70 1 304 672 520 2258 1281 1742 2405 2448
0 .80 1232 672 537 2250 1256 1718 2399 2399
0.90 1268 667 518 2228 1 207 1657 2405 2448
1 .00 1 1 95 669 535 2199 1 159 1 633 2399 2399
1.10 1230 663 517 2199 1 098 1 597 2393 2448
1 .20 1 159 669 538 21 92 1037 1 536 2405 2448
1 .30 1 182 659 517 21 92 976 1 499 2399 2448
1 .40 1 129 669 53 7 2192 902 1451 2399 2399
1 .50 1 143 654 514 2133 866 1 43 9 2448 2448
1 .60 1099 669 536 2066 804 1402 2448 2399
1 .70 1 106 651 512 2066 743 1 329 2448 2448
1 .80 1063 671 536 2037 682 1281 2448 2448
1 .90 1058 647 510 2014 620 1256 2448 2448
2.00 1032 671 532 1962 584 1 183 2448 2448
2.10 1028 646 508 1955 510 1171 2496 2448
2.20 1002 668 531 1 903 461 1110 2496 2448
2.30 992 641 506 1 82 8 399 1086 2496 2448
2*40 966 662 529 1813 337 1061 2496 2448
2.50 955 637 505 1783 288 1037 2496 2448
2.60 942 662 525 1723 226 963 2496 2448
2.70 919 632 502 1 693 1 64 939 2496 2448
2.80 912 656 521 1 587 90 878 2496 2448
2.90 883 628 500 1 572 4 841 2496 2448
3 .00 387 657 517 1 542 -58 792 2496 2399
3-10 859 625 497 1481 -1 32 731 2496 2399
3.20 857 652 51 1 1 42 0 -194 694 2496 2399
3 .30 816 620 496 1 344 -256 645 2496 2399
3 .40 821 649 507 1313 -306 584 2496 2399
3.50 792 616 491' 122 1 -369 547 2496 2399
3.60 _797 . 640 501 1 1 82 -444 497 2448 2399
3 .70 768 608 486 1 128 -519 461 2496 2399
3 *80 773 632 491 1059 -569 399 2496 2399
3.90 744 597 478 989 -656 350 2496 2399
4*00 748 620 479 926 -732 300 2448 2399
4.10 714 587 471 848 -807 263 2448 2399
4.20 723 608 469 793 -883 226 2448 2399
4.30 690 576 462 731 -946 177 2496 2399
4.40 699 593 456 668 -996 127 2448 2399
4*50 665 563 454 565 -1059 127 2448 2399
4.60 674 -i 579__  ■ __ 443 501 -1110 53 2448 2399
4.70 647 551 442 422 -1 173 4 2448 2399
4 * 80 662 562 433 342 -1 199 -8 2448 2399
- 4*90 623 538 433 286 -1237 -33 2496 2399
5 • 0 0 635 549 420 222 -1288 -70 2448 2399
5*10 599 ! 525 422 1 17 ' -1339 -107 2448 2399
5*20 623 532 406 36 -1377 -144 .. 2448 2399
5.30 575 509 410 -28 -1428 -194 2448 2351
5-40 599 515 ; 392 -101 -1466 -1 94 2448 2351
5-50 563 494 399 -207 -1 530 -244 2448 2351
5.60 575 497 380 -289 -1 581 -256 2448 2351
5.70 551 481 387 -363 -1632 -306 2448 2351
5.80 569 483 .368 -471 -1683 -306 2448 2351
5*90 526 470 374 -553 -1735 -356 2448 2351
6*00. 545. i 467 357 -620 -1786. , -394 2448 2351. .. ... _ *- * - tih&L.: .* '* • ■••• I ■ ........ -  V .|
NOTE: ALL P «. T  DATA IS XIOO (M Nm ’VC  RESP.)>REF. APPENDIX F .
INSTRUMENTATION FORMAT A5 FIG.3.2.S.
F IG U R E  3 .3 .Z .T A B U L A T IO N  OF DATA LOGGED IN T E S T  N * .2 5
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One of the factors to be considered in assessing the value of the 
results obtained in this study is the degree td which the experi­
mental facility and parameters used may be said to realistically 
represent a practical supply system, and how any unrepresentative 
features are allowed for in the overall treatment.
The gas storage vessel, was felt to be typical of that which might 
be used in a real system, though it must be accepted that the 
characteristics of vessels of markedly different geometric con­
figuration (e.g. ratio of length to diameter) may vary considerably. 
In contrast, the pressure regulating valve was not representative 
at all; this valve was selected - apart from the simple factor of 
availability within the. required timescale - purely on the basis 
of meeting the experimental steady-state pressure requirements.
In view of this, no attempt was made to include the regulating 
valve characteristics in the analysis. Whilst the tubing was of 
the type and size which would probably be used, in a real system, 
the inclusion of suitable unions to facilitate servicing and 
instrument installation was disruptive in terms of true system 
representation; this is discussed later, with respect to the 
theoretical modelling of the tubing inlet and outlet flow conditions. 
The largest load nozzle was sized, to produce a gas discharge rate 
which would.normally be expected to be shared between a number of 
servomechanism control devices. Ideal gas relationships were used 
to define the nozzle sizes required to cover a rather large flow 
range for this type of servomechanism. The solenoid operated start- 
valve was also unrepresentative of that, likely to be used in a 
practical supply system and, as with the pressure regulator, no 
attempt was made to include its characteristics in the overall 
study.
Clearly, the only features of the experimental facility which could 
be considered truly representative of a practical small, high 
pressure gas storage/supply system, were the storage vessel itself 
and the downstream pipework. The gas storage vessel, however,
DISCUSSION
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constitutes the main area of interest defined for the study, and 
the other features of the facility were considered satisfactory in 
terms of the major objective - to assess the discharge character­
istics of the storage vessel.
The experimental gas storage and discharge parameters were selected 
to cover, as far as possible, the whole area of use applicable to 
the storage vessel made available for this project. The storage 
conditions (pressure and temperature) were selected to cover the 
pressurisation range applicable to..the vessel,, as defined by the 
structural limitations specified by the manufacturers. Flexibility 
in the experimental approach to these parameters: was somewhat 
limited, however, by the fact that, the use of temperature con­
ditioning equipment, to obtain gas storage temperatures over the 
range -30°C to +70°C, was unfeasible within the available timescale 
and budget. Parametric variation was therefore.limited to pressure, 
all tests being conducted, with the stored gas at.the local ambient 
temperature. It is noted, that, although this latter factor was. the 
aim - so that all parts of the. experimental facility would be at 
the same temperature - it was not easily achieved due to compression 
heating effects during storage vessel filling.. It*was necessary 
to adopt a controlled procedure and to actively cool the vessel 
during pressurisation in order to minimise these effects.
Of the experimental measurements made in .this study, the pressure 
data is considered to be significantly more reliable than the 
temperature data for two main reasons. Firstly, the manner in 
which the pressure measurements were made was basically very simple 
and subject to a minimum of potential sources of error such as 
superimposition of dynamic components; reliable transducers were 
used.with short probes positioned in a plane normal to the. gas flow 
path and at the edge of the stream-tube. Secondly, the degree of 
signal manipulation, dependence on outside influences, and computer- 
based reduction, to produce the actual pressure data for use in 
correlation with theoretical predictions, was relatively low.
In practice the pressure records were subject to a superimposed 
oscillation of relatively low amplitude and frequency. This 
frequency was consistent throughout the tests,, however, suggesting 
that the signal arose in the transducer power supply or data 
handling electronics rather than as a result of actual gas pressure
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oscillation. It is considered almost certain that the oscillating 
signal is a sub-harmonic of the 3 kHz excitation signal used in the 
pressure transducer supply, a lower frequency appearing in the 
records as a function of the multiplexed data sampling frequency.
The high frequency 'interference' could clearly be filtered out in 
the data transmission system,, but. no action was taken because it 
was considered, desirable, that the recorded data should be subject 
to as little artificial conditioning as possible in case abnormal 
signals arising from real process characteristics were adversely 
affected. The presence of the oscillations was not detrimental in 
terms of correlation of the pressure data with theoretical predic­
tions. It is estimated that the pressure data is accurate within 
+ 3%.
The temperature data, was considered a little unreliable for corre­
lation purposes, due to. the characteristics of the monitoring 
devices and.the conditions under which they were operating. It 
was necessary to utilise probes which would be sufficiently strong 
to avoid gross deformation - and hence unpredictable measurement 
positioning - in the high velocity, or turbulent, gas flow.
Those probes inserted into the high velocity gas flow in the test 
facility tubing were successfully maintained in a stable position 
such that the measuring junction was at the stream-tube cenre-line. 
However, due to the geometry of the tubing unions necessary to 
achieve this, only a short length of the probe was within the gas 
temperature field, and the probe was large in comparison.with the 
stream-tube diameter. This meant that conduction along the probe 
and through the pressure seal was possibly significant, and 
certainly unpredictable. Also, the presence of the probe is con­
sidered likely to have disrupted the flow itself causing turbulent 
eddies downstream of the junction, as described in Section 3.2., 
and illustrated in Figure 3.2.7.
The probe used to monitor the gas temperature in the storage vessel 
during discharge was, during initial, testing, inserted into the 
gas flow using a union positioned immediately downstream of the 
vessel. As the preliminary trials progressed, however, it was 
increasingly felt that the temperature recorded at this point 
might not be truly representative of the bulk gas temperature within 
the vessel. This latter, temperature was expected to be that pre­
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dieted by a theoretical model for the discharge (expansion) process 
in the vessel. The probe was therefore replaced, with one inserted 
into the vessel itself,, such that the measuring junction was 
positioned approximately at the centre of the vessel. This was 
attractive in that a relatively long length of the probe was con­
tained within the gas, but the performance of the probe was somewhat 
less predictable since it was now situated, in a basically stagnant 
reservoir. This, meant that the convective heat transfer coefficient 
at the gas/probe interface was substantially lower than that pro­
duced in a. high velocity gas stream, resulting in a marked increase 
in the significance of the thermal response characteristic of the 
probe. Whilst this, necessitated additional computation in the 
simulation model to allow correlation with the experimental results, 
it is considered that, the overall result of using this new probe 
position was beneficial in terms of obtaining realistic gas 
temperature data..
The flat 'patch' thermocouples used to monitor the storage vessel 
and discharge tubing, outer surface temperatures were felt to be 
more inherently reliable, than the probes in terms of indicating the 
true temperature of the. surfaces.to which they were attached. The 
sensors, were fitted in such a way that they were in good thermal 
contact with the surfaces to, be monitored. This, together with the 
fast inherent thermal response. ( <100 ms), was considered to result 
in. a relatively high degree of reliability. Unpredictable fluctu­
ations in the 'external' temperature due to local air flow around 
the sensors - which could, have significant effects due to their 
sensitivity - were minimised by the presence of the safety enclosure 
which produced an acceptably stable environment.
A feature of the temperature-monitoring system which represented a 
potential source of inaccuracy was the thermocouple reference 
junction. It was not possible to. obtain electronic references within 
the available timescale and. budget, and. it was considered unfeasible 
to install and maintain a standard Ice-point reference since this 
would require considerable, care and control in order to achieve 
improved-accuracy over a simple atmospheric temperature reference.
The drawback associated with the use of an atmospheric reference was 
the data reduction computation required to obtain real temperature 
data from the acquisition system. - A further general source of error
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resulting from the use of thermoelectric devices was1the non-linearity 
of the temperature/thermoelectric e.m.f. characteristics.
In order to facilitate direct reduction of the recorded data to yield 
actual temperatures, it.was necessary to produce a. reduction routine 
incorporating correction factors to account for the reference junction 
temperature, and relationships simulating the above-mentioned non­
linear characteristics. These latter features were obtained using 
curve-fitting methods and were based on standard calibration data 
for the relevant thermoelectric junctions.
Throughout the test programme the temperatures indicated by each of 
the monitoring devices at.'timeczero' were, in all but one monitoring 
position, compatible with each other and equal to the local air 
temperature. The exception to this was the temperature.indicated by 
the probe in the storage vessel;, this was. understandable since the 
gas temperature in the vessel had not in all- cases stabilised at the 
local air temperature foilowingrpressurisation - before discharge
was initiated. Once, the. discharge process was started it was 
difficult to assess the measurement accuracy since the various 
unpredictable factors noted above were then active. However, con­
sidering the characteristics of the amplifiers and of the calibration 
curves used for data reduction,, it is estimated that the temperature 
data is accurate within + 3% over the temperature range -120°C to 
0°G, and within + 6% at temperatures above 0°C. The reduction in 
accuracy above 0°C arises from a relative degradation of the junction 
calibration.curve-fit relationship used in the data handling system, 
and applies particularly to the thermocouple used to monitor the gas 
temperature in the storage vessel.
The temperature records obtained during the formal test programme are 
in many cases subject to superimposed oscillating signals of a 
similar frequency to those present in -the,. pressure records. It is 
likely that these, resulted from cross-talk in the data transmission 
lines, although nonsuch phenomenon was evident during evaluation trials
The theoretical, treatment.employed. in this, study was based on a 
requirement.for the simulation model to be made as simple as possible. 
This, was desirable in order that the model should be suitable for 
use in conducting design feasibility studies of practical servo­
mechanism systems, using a minimum of basic design information. In
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view of this requirement the theoretical study was based on simpli­
fied thermodynamic, process relationships, the more specific studies 
reported by other authors.being used;primarily as guides and as 
means of assessing - and.in some cases explaining - the results 
obtained- Within the constraints imposed, by this overall require­
ment, however;* it was considered necessary that this study be con­
ducted using a minimum of simplifying assumptions, in the first 
instance, and admitting these only when shown to be acceptable. A 
major consideration in this, respect was the use of real gas data in 
preference to ideal gas relationships, which are unsuitable at the 
high pressures required in practical gas storage systems.
t
The simulation model for gas discharge from the storage vessel was 
evolved as a step-byrstep. procedure using the simplest acceptable 
equations of state, heat capacity, heat transfer and energy balance 
(ref. Figures 2.3.3. and 2.3.4.). Inputs required to use the com­
puter simulation program .(Figure 2.3.5.) are limited to definition 
of the storage vessel geometry, material density and specific heat, 
and the gas storage pressure and temperature at the start of dis­
charge. The. required modelling time intervals and mass flow rate 
of discharge must also be specified. Outputs are produced in the 
form of gas pressure and.temperature in the vessel, and vessel wall 
temperature, as functions, of time (ref. Figure 3.3.20.). For 
experimental correlation purposes the simulation output also includes 
a prediction of the gas temperature indicated by a particular 
sensor, based on the characteristics of that sensor.
The pressure and (indicated) temperature profiles predicted by the 
model compare favourably, in terms of general shape with those obtained 
experimentally (ref. Figures 3.3.13. to 8.3.18., inclusive). The 
pressure decay curves are nearly isentropic in shape due to the 
large thermal response coefficient of the storage vessel and, 
possibly, diffusion layer effects (see later); the apparently small 
heat transfer into the gas is reflected in the temperature decay 
profiles recorded for the.vessel walls (ref.. Figures 3.3.5. and 
3.3.9.). The shapes of the gas temperature decay curves are 
dominated, in the early part of the discharge process, by the effects 
of the monitoring probe response coefficient; considering the 
assumptions involved (probe thermal, and physical characteristics
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and heat transfer mechanism) this is simulated very well in the 
model. Later in the process,, these, curves become more nearly isen­
tropic in shape before rapidly responding to heat input effects as 
the mass flow rate of discharge, and hence gas expansion rate, falls; 
this effect is evident to a lesser extent in the pressure plots.
Absolute comparison between the. predicted and experimental data 
profiles is not possible because the experimental mass flow rate 
of gas discharge represents a. substantially 'unknown', parameter 
which is unlikely to remain constant, for a .given load, nozzle, under 
conditions of changing temperature and pressure at the nozzle inlet.
As the load nozzle design is known to be suspect at the higher 
regulated supply pressures it. is felt that, at these higher 
pressures, the mass, flow rates, indicated by correlation plots are 
more likely to be: realistic than those, suggested by pure design 
considerations. The pressure correlation plots are thought to offer 
more reliable indications of true mass flow.rates,, for the reasons 
discussed earlier, although,the. temperature plots are not grossly 
at odds with these and in some cases correspond very closely. The 
mass flow rates indicated by correlation are very consistent from 
test-to-test (ref.. Figure 3.3.19.) and in all eases appear to 
remain relatively constant over at least, the. first 60% of the defined 
effective discharge duration (e.g. Figure 3.3.15.), before gradually 
decaying as the regulated supply pressure falls.
The mass flow rates indicated highlight conclusively those parameters 
having significant effects on the overall discharge characteristics 
of the system. Examination of the results summary (Figure 3.3.19.) 
indicates that the performance, of. the. regulating valve - and the 
matching of the load nozzle.(or control valve orifice) to this - is 
probably the most important factor in the overall performance of a 
supply system, other than the basic sizing of the storage vessel to 
provide the required supply duration.
The major effect of the various initial storage pressuresiused in 
this study inzseen,. as. would be logically expected,, in the durations 
for which 'useful' gas supply.is maintained. Under normal circum­
stances, for a given regulated pressure and loading orifice size, 
the gas. temperature in the storage vessel ..at the end of effective 
discharge is only marginally affected by the initial storage pressure 
and hence discharge duration.,. At lower storage pressures the vessel
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pressure, and hence temperature; falls more rapidly during discharge 
in order to maintain, the regulated pressure. This, may be a contri­
butory factor in explaining why no marked temperature effects on the 
mass flow can be identified.from the records. The exception to this 
is in those tests conducted with.high regulated pressures leading to 
very high mass flow rates, and short discharge durations. In these 
tests the temperature drop in.the storage vessel over the effective 
discharge period is clearly.a function of the initial storage 
pressure, and this is reflected in the mass flow rates indicated by 
correlation (see Figure 3.3.19.)., It is. considered likely that this 
arises from the fact that, under the extreme conditions noted, the 
nominally steady-state processes normally obtained are not established 
within the short discharge period.
The changes in the storage vessel wall temperature predicted, by the 
discharge simulation program are virtually negligible (Figure 3.3.20.), 
despite the fact that, no provision is made in the theoretical model 
for the presence of a diffusion layer. The temperature changes 
recorded experimentally, whilst small, were in most cases considerably 
larger (ref. Figures 3.3.5. and 3.3.9.). 7 .
The presence of a diffusion layer would be expected, to reduce the 
heat flux at the gas/wall interface by virtue of reducing the tem­
perature difference relative to that.(used in the model) between the 
wall and the gas. at the 'core1 of the vessel. It would appear in the 
present case either that a diffusion layer was unable to form or 
that it was rapidly disrupted, perhaps by turbulence affecting the 
expansion flow characteristics of the system. It may also be true 
that the assumed response characteristic for the vessel wall is 
analogous, in its effect, to the presence of a diffusion layer.
Although the correlation between storage vessel gas temperatures 
obtained experimentally and by simulation is apparently adversely 
affected by the various uncertainty elements involved in each, the 
simulation data is considered sufficiently well supported, for the 
'actual* gas temperature data to be. used - together with the pressure 
data - todefine the overall characteristic envelope for the storage 
vessel used in,this study. This is illustrated in Figure 3.3.21.
It may be seen from this plot that a relatively long gas supply 
duration is obtainable if the vessel is filled in accordance with
x
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its maximum operating pressure. With a discharge mass flow rate of
214 g/s and a regulated pressure of 4.5 MN/m , a duration of about 
55 seconds is attainable using this vessel - which has a capacity of 
3.36 x 10”3 m3. Figure 3.3.22. illustrates the fact that a signifi­
cant penalty is incurred in terms of discharge duration if the demand 
mass flow,, or more particularly the. regulated supply pressure, is 
increased. This reinforces the view that, the control devices used 
in a servo system to be powered using a high pressure gas source must 
be selected very carefully in order to ensure that optimum overall 
performance may be attained.
The limitations of the theoretical model evolved for the discharge 
process are demonstrated in.the. characteristic envelope (Figure 3.3.21.) 
where the combination of low.temperature and high pressure is seen 
to be just beyond the range of applicability. It is possible that 
this range could be extended but it may be necessary to adopt con­
siderably more complex relationships describing the real-gas 
characteristics in order to achieve this.
The simulation model for the tubing connecting the gas supply to the 
loading nozzle is based on a simplified step-by-step approach similar 
to that employed for the storage vessel. The. degree of. reliable 
representation that could be achieved with the theory was limited in 
this case, however, by practical considerations in the experimental 
facility.
In order to obtain experimental.gas pressure and temperature data 
for correlation with that predicted theoretically,,it was necessary 
to fit suitable unions at each end of the. tube to allow pressure 
tappings and thermocouple probes to be. introduced. The presence of 
these unions and instrumentation devices appears to.have an adverse 
effect on the flow conditions at the entrance and exit of the tube, 
invalidating a number of the boundary condition assumptions used.
The expressions and friction loss coefficient values used in formu­
lating the theoretical model in respect of entrance and exit effects 
are based on published results, obtained for simple geometries, and 
assuming essentially uniform conditions in (large) ducts leading to 
the tube entrance and a fully established velocity profile at the 
tube exit. If these conditions do not apply, the entrance loss co­
efficient is likely to be lower and the exit loss coefficient higher.
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Heat transfer effects in the entrance and exit regions are even 
more difficult to predict' reliably, even*where the geometry is 
idealised.
The ratio of upstream diameter to nozzle vena contraeta for the 
orifices used in this, study ( < 1.4:1) are so far removed from the 
values normally accepted as suitable for performance prediction 
(about 2.2:1) that no acceptable.relationship can be obtained for 
use in the above model... These experimental ratios resulted from 
the conflicting desires, to construct,the test facility using tubing 
of a representative size,, and .to achieve similarly representative 
rates of gas discharge using a single orifice rather than an array 
of smaller ones. In addition to disrupting theattemptto simulate 
the discharge tube effects, the use of these nozzles also produced 
mass flow rates very. much, higher than those required in this study 
(14 g/s to 70 g/s compared to the required range of 8 g/s to 20 g/s).
The recorded experimental data shows that the pressure loss along 
the tube is relatively large (up to 30%, ref. Figure 3.3.12.). This 
may be due to a combination of the pressure regulating valve and 
load nozzle characteristics producing a condition in which pressure 
recovery in the tube is.incomplete. That is, the velocity profile 
in the tube does not. become fully established - resulting in an 
increase in the tube exit pressure, loss due to sudden expansion. 
Reference to the temperature records would appear to support this 
view in that, whilst the recorded gas temperature, is consistently 
slightly higher downstream of the tube exit than.upstream of the 
inlet, the tube surface temperature close, to the exit end is con­
sistently lower than that at the entrance end (e.g. Figure 3.3.11.). 
These results are contrary to those.which would be expected. Simu­
lations using idealised boundary conditions confirm that, with very 
cold gas entering the tube, both the gas and the tube wall will 
always be warmer at the outlet end than at the inlet.
The simulation model for the discharge.tube is incomplete with res­
pect to the present experimental, system, being unable to satisfy all 
the boundary conditions; it may therefore be considered as a partial 
solution only, yielding an insight into the characteristics of a 
tube supplying gas to a load nozzle.
In view of the fact that the pressure in the discharge tube is 
relatively low, and since the pressure and temperature changes along
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the tube appear to be of a low order and. virtually constant with 
time (ref. Figure 3.3.11.), it is considered likely that significant 
simplification to the model cou,ld be effected for the purpose of 
practical system evaluation- The use of ideal gas equations, 
together with assumptions of constant pressure and temperature 
difference from inlet to outlet may be acceptable in this respect.
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C H A P T E: R 5
The basic aim of this study has been to produce a rational approach 
to the design assessment of small, high pressure gas sources dis­
charging under steady demand conditions.
An experimental facility has been designed primarily to reproduce a 
typical gas source;, ancillaries such as a stop-valve, a pressure 
regulating valve and loading nozzles were necessary to produce the 
required representative demand, conditions but were considered in 
varying degrees to be unrepresentative of a real servomechanism 
system. Standard laboratory instrumentation has been used but a 
computerised data, acquisition system has. been employed to automate 
the recording of eight channels of pressure and temperature data with 
adequate resolution during the comparatively short duration of the 
tests. The facility functioned.satisfactorily over a programme com­
prising 48 formal tests covering a range of gas storage pressures
2 2 2 from 14 MN/m to 30 MN/m , regulated supply pressures from 2 MN/m
2
to 7 MN/m and mass discharge rates from 14 g/s to 70 g/s.
A theoretical model for the gas. source, during discharge has been 
proposed.based on simplified real gas. relationships for nitrogen and 
including heat transfer effects; analysis is by means of a step-by- 
step computer simulation. The model may be applied in the case of 
any small, thin-walled gas storage vessel, for storage conditions 
within an envelope roughly defined by a maximum pressure limit of
37.5 MN/m2 at a temperature, of +60°C, and a minimum temperature limit
0 2 of -30 C at a pressure not exceeding 22.0 MN/m . For a given storage
vessel and mass flow rate of discharge,, specified either as a constant
or as a function of time,, and. with defined gas. storage conditions
(pressure and temperature), .the simulation model predicts, changes in
pressure and temperature with time - from the start, of gas discharge
to a pre-determined minimum pressure level.
Correlation of the experimental and theoretically predicted results 
for the gas source used in this study shows that the simulation model 
is accurate within about 8% over the application envelope defined 
above. It is considered that this model represents the simplest 
acceptable form for the evaluation of practical gas power source designs.
CONCLUSIONS
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It is shown that relatively long gas discharge durations can be 
achieved under optimised demand conditions; that is, where the regu­
lated gas supply pressure and mass flow rate of discharge are
efficiently controlled at the minimum levels necessary to satisfy
the performance requirements of a servomechanism. It is important, 
particularly with regard to airborne systems, that the required mass 
of gas should, be stored in the smallest and lightest.possible vessel; 
hence the storage pressure.should,be, as high as possible within the 
structural limitations of. the vessel. Little benefit can be gained
from a slight increase in heat transfer resulting from the use of a
larger vessel operating at a lower storage pressure.
It is conceivable, depending on the servomechanism demand duty cycle, 
that a high pressure gas source could be used directly, without 
pressure regulation. This might be appropriate, to systems in which a 
high initial demand is followed by a period of much lower power 
requirement.
A partial model for a length of tubing supplying gas at a controlled 
pressure to a loading nozzle,.including viscous friction and heat 
transfer effects, is treated in a similar manner to the model for the 
gas source. Step-by-step computer simulation is based on analysis of 
successive finite elemental lengths of the tube. This model is incom­
plete because it has not been possible to satisfy all the necessary 
boundary conditions, specifically with respect to the tube inlet and 
outlet characteristics. The experimental data, however, suggests 
that heat transfer in the tube does not have a significant effect on 
the temperature of the gas supplied at.the loading device. It may 
therefore be possible to use a model of greater simplicity, derived 
for example from the-use of ideal gas relationships, for practical 
design purposes.
This thesis forms part, of a study into a complete servomechanism 
system powered by a small high pressure gas source. The next part 
of this study will, centre on. a small pressure regulating valve suitable 
for such a system. Further work could usefully consider the effects 
of the transient and unsteady demand conditions typically produced by 
real servomechanism control devices.
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A P P E N D I X  A
STORAGE VESSEL SPECIFICATION
The storage vessel was produced, by Bristol Aerojet Limited and 
supplied by Hymatic Engineering Company Limited under the type des­
ignation N-BAT 128-001 (Serial No. GZS 141). The original1Certif­
icate of Inspection was issued in October 1973 following hydraulic
2pressure test at 62 MN/m for a period of two minutes.
This vessel was constructed from two hemispherical end closures 
welded to a cylindrical centre-section; the end closures each 
incorporate standard pipe-fittings.. The body of the vessel was 
produced in 1%: Chrome-Mo.lybdenum Steel, heat treated to 80 Tons/in2 
and phosphated both internally and externally. In addition, the 
vessel was sealed internally with black spirit stain and finished 
externally with grey stove enamel.
The important dimensions of the vessel are shown in Figure A.I.; 
the exact wall thickness at any point on the vessel could not be 
established with certainty due to the manufacturing methods used.
The working specification for the vessel is summarised as follows:
Charging Pressure:
Limit Pressure:
Proof Test Pressure:
Design Ultimate Pressure:
Capacity:
'Mass (nominal):
Working Temperature Range:
Maximum Number of Inflations 
Allowed:
The limiting Charging Pressure envelope for the vessel, derived from 
the above specification and assuming Nitrogen gas as the working 
fluid, is shown in Figure A.2.
31.0 MN/m2 at 20°C 
41.4 MN/m2 at 70°C
62.1 MN/M2 
82.8 MN/m2 
3.36 x 10-3 m3 
3.3 kg
-40°C to + 70°C
2500 to a pressure of 24.8 MN/m2 
or greater, (i.e. during re­
charging).
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FIGURE A.2. STORAGE VESSEL CHARGING ENVELOPE
A P P E N D I X  B 
ESTIMATION OF REQUIRED LOAD NOZZLE SIZES
The basic experimental parameters affecting the load nozzle sizes
used are the requirements for mass flow rates to be in the range
2 28 g/s to 20 g/s, at supply pressures between 2.0 MN/m and 8.0 MN/m .
Estimation o f the load nozzle sizes needed to satisfy these require­
ments is based entirely on assumptions o f ideal gas properties and 
constant gas temperature.
A suitable ideal gas relationship for use in evaluating the variation 
o f mass flow rate with supply pressure and nozzle size is:
where A denotes the e ffect ive  nozzle area, rn the mass flow ra te ,^+  
the gas density and P the gas pressure; suffices 1 and 2 denote up­
stream and downstream conditions respectively.
In this case the nozzle downstream pressure is taken to be equal to 
atmospheric pressure, so:
P2 = 0.101 MN/m2
Further assumptions are that ^ = 1.4., and that the gas temperature 
is constant at 270/K. This temperature is chosen arb itrarily  to 
represent a value close to the middle o f the range o f gas supply 
temperatures expected in any given experimental situation.
Using values o f gas density obtained from reference 2 o f Chapter 2, 
the resulting relationship between nozzle supply pressure (P-j), mass 
flow rate, and nozzle (e f fe c t ive ) diameter is illustrated in Figure
B . l .
In selecting suitable Toad nozzle sizes an important factor is that 
the gas supply tubing feeding the nozzle has an internal diameter 
o f 3.18 mm. Ideally, the load nozzle e ffec t ive  diameter thus be no 
greater than 2.25 mm; however, this would seem to lim it the experi­
mental flow range to a maximum o f about 11 g/s. Compromising between 
this factor and the experimental requirements, and referring to 
Figure BIT., i t  would seem appropriate to use two nozzles in order
to cover the required flow range. In view o f the fact that the 
variab ility  in the gas supply temperature probably represents the 
major influence on the nozzle flow performance,, a. detailed-con­
sideration.-of discharge coeffic ients is not f e l t  to be worthwhile 
at. this point in the study; further analysis of this aspect o f  the 
load nozzle performance can possibly most usefully be performed 
using the experimental data. The. load nozzle (actual>.): sizes selected 
for experimental use following the above estimation process are 
2.2. mra and. 2.7 mm diameter;, the. characteristics shown in Figure B . l . 
suggest that these nozzles will give a flow range o f about 5 g/s 
to 16 g/s over the experimental supply pressure range.
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A P P E N D I X  C
EQUIPMENT LISTING AND SPECIFICATIONS
( i )  Gas Supply System 
GAS SOURCE:
Standard (B.O.C. Limited) laboratory cylinder f i l l e d  with 
Oxygen-free Nitrogen gas.
Cylinder pressure: 17.0 MN/m2 (2500 lbf/in2) at + 20°C
-3 3Cylinder capacity: 33.4 x 10 m , approximately
Gas was delivered from the cylinder by way o f a pressure 
regulating valve (B.I.G. Limited, 'Gemini 1500 Nitrogen Regu­
la to r ',  re f. RR0223) incorporating gauges indicating both 
cylinder pressure and regulated supply pressure.
PRESSURE INTENSIFIER:
Single-Stage reciprocating unit (C.S. Madan & Company Limited,
'Gas Booster Pump', Serial No. 31098C) with a compression
ratio o f 1:85.5. Maximum specified driving air supply pressure 
2  20.7 MN/m (100 lbf/in ) - giving a maximum possible output
2  ?gas pressure o f 59.MN/m (8550 lbf/in ). For optimum perfor­
mance i t  is recommended that the gas input pressure should be 
not less than one-sixth o f the required output pressure. The 
unit incorporates a f i l t e r  and a pressure regulating valve, 
with gauge, on the driving-air input.
.♦RELIEF.VALVE:
Simple spring-loaded valve with an operating pressure adjustable 
up to 38.0 MN/m2 (5500 lbf/in2) (Hale Hamilton Limited, re f. 
R.V.14). This lim it setting was suffic iently high to allow 
the required experimental pressures to be attained, but was 
lower than the quoted working pressure limits for any o f the 
other equipment.
( i i )  Experimental System
STORAGE VESSEL:
See Appendix A.
PRESSURE REGULATING VALVE:
Manually operated spring-loaded piston va lve .(I.V . Pressure 
Controllers Limited, re f. 133/80/ER/ZZ) incorporating a
2r e l i e f  valve. Maximum working in le t pressure 41.4 MN/m 
2
(6000 Ibf/in ) ;  outlet, pressure continuously variable up to
2 2 
24.1 MN/m (3500 lbf/in ) .  The regulating valve was speci­
fied as having a o r i f ic e  and, under the gas conditions 
anticipated, in this, study, the flow capacity o f the unit 
was approximately equivalent to.a minimum mass flow rate o f j 
16.0 g/s when the. upstream pressure approached the downstream 
pressure setting. The flow capacity increased logarithmically 
as the upstream pressure, and hence pressure d if fe ren tia l,  
increased. The valve, was. hot o f  'balanced1 construction, 
however, so that there would, be a tendency for the, downstream 
pressure to rise s lightly as the upstream pressure decreased, 
under normal isothermal .gas flow .conditions. The. main 
features o f  the valve were manufactured in Aluminium Bronze, 
and the total mass o f the unit was approximately 2.9 kg.
AUTOMATIC STOP-VALVE:
Solenoid actuated plunger with a conical valve seating on a 
nylon bush (I.V . Pressure Controllers Limited, re f. BU 150); 
working pressure lim it 27.6 MN/m2 (4000 lbf/in2). The valve 
was f i t ted  with a solenoid coil requiring a nominal 24V, 0.5A 
supply.
The steel tubing used, throughout the test fa c i l i t y  had an 
outside diameter o f 6.2 mm (0.25 in) and a bore o f 3.1 mm 
(0.125 in) diameter; the working pressure lim it was 62.1 MN/m2 
(9000 lbf/in ). 'Keelaring' tube couplings, incorporating
positive tube retention and sealing devices, and suitable
2 2 
fo r use at pressures up to 69.0 MN/m (10000 lbf/in ) ,  were
used throughout the fa c i l i t y .
A P P E N D I X  D
INSTRUMENTATION LISTING AND SPECIFICATIONS
PRESSURE GAUGES:
Bourdon gauges constructed fu lly  in stainless, steel (Gauges Bourdon
Limited, re f. MIX-150/A) and f i t t e d  with safety blow-out discs.
2
Two gauges were used, one with a. range o f 0-3000 lbf/in , the other 
o f 0-10000 lbf/in2 .(and including scale markings up to 600 bar). 
Accuracy in each case was + 1%.
PRESSURE TRANSDUCERS:
Quasi-solid-state variable reluctance transducers (SE Labs. Limited,
re f. SE 180) capable o f withstanding pressures, up to 12000 lbf/in2
(83 MN/m ).  Each unit was temperature compensated from -45°C to
+ 150°C and was. constructed to give an ;absolute pressure reading.
Three transducers were used,, one.having a maximum calibrated range
of 5000 lbf/in2 (34.5 MN/m2),. the others having ranges up to 
2  2
1500 lbf/in (10.3 MN/m ). The transducers were in each case driven 
by a 5 V r.m.s., 3 kHz excitation supply; the modulator/demodulator 
units used were S.E. Labs., re f. SE 449/1.
TEMPERATURE SENSORS:
Three types o f thermocouple devices were used, as follows:
( i )  Mineral Insulated Thermocouple Probe (Pyrotenax Limited, 
re f. 10 HT7, junction type 10) having a Chrome!/Constantan 
junction enclosed in a ,stainless steel sheath. The probe 
length is 0*5 m, diameter 1.0 mm, and the probe tip is 
hemispherical in form.
( i i )  Mineral Insulated Thermocouple Probe (Pye Ether Limited, 
‘Thermocoax1, re f. TCA/10/10/2, probe type TI) having a 
Chromel/Alurael junction enclosed in a stainless steel sheath. 
The insulation material is high purity magnesium oxide.
The probe length is  0.1 m, diameter 1.0 mm, and the probe 
tip is^  hemispherical.
( i i i )  'Stick-on' Thermocouple (Philips Limited, ref. PR 6452A) 
having a f la t  Copper/Constantan sensing element cemented
between two cresol-impregnated fo i ls .  This 'patch' is 7.0 mm 
square and approximately 0.125 mm thick. The quoted time 
ponstant for this device is  0.1 s maximum.
The amplifiers used in conjunction with all o f the thermo­
couple devices were Fylde 'Mini-Amp' Differential Pre- 
Amplifiers (Ref. FE-251-GA) having, the following general 
performance specification:
Input impedence: 2 Mjl
Drift: . <  5 uV/°C
Noise: 10 )tiV pk-pk
Common mode rejection:. >  100 dB
Standard bandwidth:. d.c. to 20 kHz + 8V output and + 8V
output sh ift. Inputs and outputs 
protected.
i
A P P E N D I X '  E
COMPUTER DATA HANDLING SYSTEM 
Hardware
( i )? Interdata 7/16, 16-bit minicomputer with 32 kB core.
( i i )  Micro-Consultants analogue data input interface comprising 
a clock module, eight, channel 8-bit analogue/digital con­
verter input unit, and an electronic multiplexing unit with 
a maximum operating frequency o f 10 kHz.
( i i i )  2.5 MB Disc unit.
( iv )  V.D.U. as a control console.
(v) Analogue plotter with two 10-bit digital/analogue inputs; 
also 'PEN UP* module.
(v i )  Oscilloscope.
( v i i )  Line Printer, Tape Punch/Reader, Digital Cassette Recorder/ 
Reader - as optional output alternatives.
Software
The base programme is  DOS; RSP, developed by E.L. Moore at the 
University o f Surrey (see note at. end o f this appendix)' provides 
a direct interface with DOS commands and allows rapid linking of
disc f i l e s  so that analogue input and output data may be conveniently
controlled by the minicomputer.
The control commandskused in the^present work are summarised below:
RUN RSP gives access to RSP
X in it ia lises  the RSP command
SD @ .FD creates eight core f i l e s ,  named Al
F @ B1, n
I B ! , #
to A8, each o f suffic ient size to 
accommodate 240 data values, 
creates f i l e  B l t o  hold n data values 
(alternative to .FD command) 
prepares system to accept data input 
to f i l e  B1 from the V.D.U. keyboard 
(identified  by logical unit '#'). This 
fa c i l i t y  is used to specify plot axis 
scale markings - see later.
C 9 MIO, A l , , . , : . ,  A8, N, I 
•PROGRAM IN STANDBY1
0 AT, n
C 0 SCB, Al, N, 0 
C 0 SCA, A4, E, G, N, 0 . 
S Al
DU A l, A2
outputs data from f i l e  Al to the 
device, nominated by the logical unit 
n.
this is the main data acquisition 
control routine; N and I (see below) 
are specified as integer constants. ' 
When this command is accepted the 
control console displays: 
depression o f  the Carriage Return Key 
now in itia tes the test.. The solenoid 
valve is triggered to open and N data 
values are read from each o f the input 
channels, multiplexed in the order 
specified in the 'MIO' command, ( i . e .  
A l , . . . . ,  A§), into the prepared 
storage f i le s .  The multiplexing rate 
is such as to produce an interval o f 
‘ I'milliseconds between successive 
data points in each f i l e .  When N 
points (max. 240 i f  the .FD command 
is used) have been logged in each f i l e ,  
the solenoid valve is automatically 
closed.
reduces the N pressure data values in
2
f i l e  Al to MN/m x 100 (see Appendix 
F). This is repeated for a ll three 
pressure data f i l e s ,  specifying the 
appropriate N and 0 values, 
reduces the N temperature data values 
in f i l e  A4 to °C x 100 (see Appendix 
F). This is repeated for a ll f iv e  
temperature data f i l e s ,  specifying 
the appropriate E, G, N and 0 values, 
produces, a: repeating display o f  the 
data in f i l e  Al as a function o f time, 
causes the computer to identify the 
maximum and minimum data values in 
f i l e s  Al and A2.
D Al, A2 produces a display o f above values on
the V.D.U. screen. The Dll and D 
operations must be repeated for all 
data fi les , in order to identify suit­
able scales for multiple plotting.
R x max, x min, y max, y min defines the x and y axis ranges for
plot scaling; x max is equal to the 
number o f data points N (240 i f  .FD 
is used), y max and y min are chosen 
to envelope the data value limits 
obtained with the DU and D operations.
IP 'freezes ' the scaling imposed by the
R command.
ZP removes the scaling protection.
FT 1 - plot shaping: axis x = 20 cm long,
y = 15 cm
FT 2 x - 15 cm, y - 20 cm
FT 0 x = y = 15 cm
AX 0, A l , 0, 0, XI, Y1 produces plot axes and scale markings
(these defined by data loaded into 
f i l e s  XI and Yl) on the analogue 
plotter.
VA Al produces a vector (continuous) plot
o f the data in f i l e  A l , scaled in 
accordance with the R command.
DA Al alternative plot mode; produces a
'dot' array - a single point at each
data value.
A large number o f additional command forms are available to assist
in data f i l e  generation, management, and output. Full details o f
RSP are given in the 'RSP Manual' ,  available from the Department o f
Mechanical Engineering, University o f Surrey.
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DATA REDUCTION ROUTINES
1. Pressure Data
The pressure data reduction routine is based on a number of 
factors, v iz.
( i )  the transducer characteristics as evaluated during 
calibration;
( i i )  the signal amplification applied, prior to data trans­
mission and storage by the computer.system;
( i i i )  the scaling factor applied by the computer during 
storage;
( iv )  the need to apply an .art if ic ia l factor in order to
?obtain a suitabTe degree o f floating point information 
in the output from the computer, which w ill only print 
out integer numbers.
The last three of.these factors were the same for each of the 
three pressure data channels and can therefore be combined 
immediately into a single factor.
As each o f the pressure transducers were calibrated to give an 
output o f 1 V d.c. at pressure levels, just above the maximum 
experimental pressures to be monitored, the operational ampli­
fiers  used in each o f  these three instrumentation channels could 
be set to the maximum gain o f  x 10 for a ll tests. This ensured 
that the. voltages fed to the computer input would be as high as 
possible, within the maximum allowable 10 V d.c. In order to 
take account o f this gain factor, and the fact that the opera­
tional amplifiers inverted the signal, in the data reduction 
routine i t  is necessary to include a divisor o f - 10.
At the input to the computer store,, data was scaled such that a 
10 V signal was recorded, as 2047 in the data register*, that is , 
the data was scaled by a factor o f 204.7 per vo lt input. A 
further divisor o f 204.7 is  therefore required in the reduction 
routine.
The floating-point print-out to two decimal places seemed a 
suitable aim, as S .I ,  pressure units were to be used, since this
represents a re lative print-out accuracy o f one-tenth o f an 
atmosphere, approximately. In order to obtain this with an 
integer print-out, i t  is necessary to include a multiplier o f 
• 100 in the reduction routine.
The overall common factor to-be applied in the data reduction 
routines for a ll three channels is thus:
 155-------  = -4.885 x 10-2
-10 x 204.7
The pressure transducer calibration procedures yielded transfer
functions for the high and low-pressure range transducers o f
-2  -2
30.897 MN m /V and 8.276 MN m /V respectively, the calibration
plots for each o f the two low pressure transducers being 
identical.
Combining these with the common factor derived above the con- 
versi on facto rs to be applied to the data sto red by the computer, 
in order to obtain a print-out in pressure units o f MN m and 
in an integer format equivalent to a floating-point format of 
two decimal places, are as follows:
(a) For the High-Pressure Transducer; -1.510
(b) For each o f the Low-Pressure Transducers; -0.404
A simple FORTRAN program was produced and loaded into the com­
puter so that the. recorded data eould. be converted into absolute
units, for printing or plotting purposes, immediately after a 
tr ia l was completed; the program listing  is as follows:
SUBROUTINE PF ,(A, ,N,>0)
INTEGER * 2 A (N), N, I ,  0 
REAL P
DO 1 I = 1, N
IF (0.EQ.2) GO TO 2 
/• P =-1.51 * A ( I )
GO TO 3
2 P = -0,404 *  A (I )
3 A (I )  = INT (P)
1 CONTINUE
RETURN
Using this program, data was drawn from each successive element 
o f the storage f i l e  (A (L ), converted appropriately into the 
required format, and returned to the same element. In order to 
use the program i t  was necessary to specify;the f i l e  number, 
the number o f  data elements (N) and the transducer identity (0 ).  
The calling name for this routine was ' SGB* - re f. Appendix E.
21 Temperature Data
The reduction routine to convert the temperature data stored by 
the computer into numbers having true values and units o f tem- 
. perature is based on the following factors:
( i )  the thermoelectric characteristic.of the thermocouple 
junction forming the data source;
( i i )  the signal amplification applied prior to data trans­
mission and storage, by the computer system;
( i i i . )  a correction factor, required to take, account o f the fact 
that the thermocouple reference junction is at the 
ambient room temperature.(variable from test-to-test) 
rather than at the. standard ice-point;
( iv )  an a r t i f ic ia l  factor required to obtain a suitable degree 
o f floatingTpoint information, from the integer output o f 
the computer; ^
(v ) the scaling factor applied by the computer during storage.
Three different thermocouple junctions were used in the instru­
mentation* the thermoelectric characteristics for,those junctions, 
obtained from the standard tables quoted by the manufacturers 
as calibration bases,, were plotted and found to be clearly non­
linear. In order to allow for data reduction using the computer, 
i t  was thus necessary to derive representative functions for 
each o f the curves. Such functions were derived,, using Lagrange 
Interpolation methods, and i t  was established that a?single 
J function was equally applicable to. two . Gf . the three junctions.
This function, which is suitable for use in reducing data 
generated by both the Copper/Constantan and Chromel/ATumel 
junctions, is :
T = 25.38 x - 0.54 x2 + 0.12 x3
where T = temperature o f the sensor,. C
x ~ the thermoelectric e.m.f. (mV) generated at the junction, 
modified to take account o f the reference junction 
temperature.
This function f i t s  the Chromel/Alumel characteristic within 1% 
over the temperature range.-120 to +20°C,and, for the Copper/ 
Constantan junction, accuracy is  within 11 over the range +20°C 
to -40°C, decreasing steadily to about 3% at -120°G. This 
reduction in accuracy at low temperatures.was considered 
acceptable since no temperatures-lower than about -40°C were 
expected to be monitored by these surface-mounting thermocouples.
A second-order function only was found to be required to represent 
the Chrome!/Constantan junction, the third-order term being 
insignificant; this function is:
T = 16.61 x - 0.564 x2
where T and x are as defined for. the other function.
This function f i t s  the Chromel/Constantan characteristic within 
1 % over the temperature range -120 to 0°C, decreasing steadily 
ato^about *4% at *+20°C.. This, is  considered /acceptable since this 
junction was expected to be monitoring low temperatures for the 
majority o f each t r ia l .
In order to obtain two decimal places o f information in the 
integer output, i t . i s  necessary to include a multiplier o f 100 
in the data reduction routine, operative after conversion to 
true temperature units. The temperature conversion functions 
can thus be written as;
T = 2538 x - 54 x2 + 12 x3
and T = 1661 x - 56.4 x2
/where-the T values/are t^he dnteger outputs in which xthe last 
two digits represent decimal data.
Conditioning of the recorded data and the reference junction 
correction term prior to application o f the appropriate conversion 
function is. complicated by the fact that the reference junction 
term, must be an indpendent integer input to the computer, not 
subject to the external gain factors applied to the experimental 
data signals.
The total gain applied to the signals, generated by the thermo­
couples,was to be/made up o f /the fixed gain o f 1000 due to the 
standard instrumentation, and a gain 'G1 due to the operational 
amplifiers incorporated in the system. This la tter gain factor
was l ik e ly  to be different for each channel and fo r  each test, 
and so could.not be integrated into the data reduction routine 
as a constant value. The operational amplifiers also inverted 
the signal.
The data input to the computer was,automatically scaled such 
that a 10V signal would f i l l  the input register as an integer 
value o f 2047; that is ,  the data was scaled by a factor of 204.7 
per vo lt input.
In order to allow:: for. the reference junction, correction e.m.f.
(in mV, obtained from the relevant thermocouple characteristic) 
to be entered as an integer equivalent to a floating-point number 
with a two-decimal-piace accuracy, this e.m.f. value was subject 
to a XI00 multiplier before entry. This correction factor was 
then made compatible with the data by applying the data gain 
and scaling factors within the reduction routine, i . e .  the 
correction factor becomes:
r  E.G. 204.7
where C is a real number, E is the integer correction (mV x 100), 
the 100 divisor cancels the a r t i f ic ia l  input scaling, and the 
204.7 multiplier replaces the input scaling applied automatically 
to the data signal.
In order to obtain the 1x ‘ value required for execution o f the 
conversion function, the signal value and the correction factor 
must be added, then operated upon to remove the gain and scaling 
e f fe c ts . I t  is noted,Athat ,the standard instrumentation gain o f 
1000 is ignored, since the required units o f x are mV and not V. 
The inversion o f the data, by the operational amplifiers is 
reversed by introducing a negative sign in the reduction routine,
i . e .  the required value o f x is given by:
x .  (Cj i  A ,,(!) ,)
G.204.7
where x . is  now in mV and A . ( I )  is the experimental data generated 
at the thermocouple 'active ' junction.
A simple FORTRAN program was produced and loaded into the computer 
so that the recorded data could be converted into standard units
( °C ), for printing and plotting purposes, immediately a fter a 
test was completed. The program lis ting  was as follows:
SUBROUTINE TFFF (A, E, G, N, 0)
INTEGER * 2 A (N), E, G, I ,  N, 0 
REAL H, C, D 
C = 2.047 * E *  G 
D = 204.7 * G 
DO 1 I - 1, N 
H = (C. - A (I))/D
IF (0.EQ.2) GO TO 2 #
A ( I )  = INT (1661 * H - 56.4 * H f f  2)
GO TO 1
2 A ( I )  = INT (2538 * H -  ‘54 *  H ** 2 + 12 * H ** 3)
T CONTINUE
RETURN 
,END
Using this program, data was drawn from each successive element 
o f the storage f i l e  A ( I ) ,  converted appropriately into the 
required format, and returned to the same element. In order to 
use the program i t  was necessary to specify the f i l e  number,
the number o f data elements (N), the reference junction correction
factor (E, integer, mV.x 100), the operational amplifier gain 
relevant to that f i l e  (channel) number (G, integer), and the 
thermocouple junction identity (0 ). The calling name for this 
routine was 'SCA' - re f. Appendix E.
